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Jan. 27, 1841

r.... it proved to be a mountain twelve thousand
hundred feet of elevation above the level of the sea,
flame and smoke in great pxofusionr..... I

Jan. 28, 1841

rThe discovery of an active volcano in so high a

latitude cannot but be esteemed a circumstance of high

four
emitting

southern
geological

importance and interest.... I named it "Mount Erebus ,.....
At 4 P.M. Moun't Erel:us was observed to emit smoke and flame in
unusual quantities, producing a most grand spectacle. A volume
of dense smoke was projected at each successive jet with great
force, in a vertical column, Eo the height of between fifteen
hundred and two thousand feet above the mouth of the craterr...

the bright red flame that filled the mouth of the crater
was clearly perceptible; and some of the officers beli"eved they
could see streams of lava pouring down its sides until lost
beneath the snovr.... t

Sj.r Janes Ross (I847) (p.2L6-22L)

A view of the Inner Crater of Mt Erebus from the main
crater floor showing the lava lake discovered in December Lg72

by a New Zealand expedition. The lake has increased in size
since the discovery and now occupies about half the area of
the inner crater. In the present view lava upwelled in the top
right-hand area (referred to as the fish tail) and flowed
slowly until disappearing dolrn a cave at the bottom centre of
the photo. Vigorous strombolian eruptions from the small vent,
in the upper rj-ght, hurled molten lava to heights of about
500 m, and forced the cancellation of a planned descent into
the Inner Crater by a team of French and New Zealand
volcanologists. Photo taken in December I974.
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ABSTRACT

Rocks of the Mclvlurdo Volcanic Group occur as strato-
volcanoes, shield volcanoes, scoria cones, plugs, flows and
volcanic piles up to 4000 m high along the Ross Sea margin
of the Transantarctic Mountains and make up the Balleny
Islands 300 km north of the Antarctic continental margin.
The rocks are predominantly undersaturated and range from
alkali basalt and basanite to trachyte and. phonolite. Four
volcanic provinces are recognised; Balleny, Hallett,
Melbourne and Erebus.

The Balleny volcanj.c province is situated along a

transform fault in the South Pacific Ocean. The rocks are
predominantly basanite.

Hallett volcanic province occurs along the coast of
northern Victoria Land as four elongate piles formed
extensive of hyaloclastites, tuffs, breccias and capped by
subaerial eruptive products. The lavas are a basanite/alkali
basalt-trachyte-quartz trachyte association, and. were extrud,ed
over the last 7 m.y.

Melbourne volcanic province stretches across the
Transantarctic Mountains in northern Victoria Land and ranges
in age from 0 to 7 m,y. A Central Suite of intermediate and
trachytic lavas form stratovolcanoes, cones and plugs, while
many small basanite outcrops constitute a Local Suite. Three
Iava lineages, resulting from differentiation, are recognised,.

f) Lavas at The Pleiades and Mt Overlord consist of a
mildly potassic trachyandesite-tristanite-K-trachyte-
peralkaline K-trachyte lineage. Major, trace and rare earth
element (REE) data suggest evolution by fractional crystallization
of olivine, clinopyroxene, magnetite, apatite and feldspar.

2) A basanite-nepheline hawaiite-nepheline mugearite-
nepheline benmoreite lineage, found at The Pleiades is
believed to result from fractional crystallization of olivine,
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clinopyroxene, kaersutite, magnetite, apatite and feldspar.
3) An oversaturated (Q = 0 to I8?) strongly potassic

quartz trachyandesite-quartz tristanite-quartz trachyte
lineage occurs at only Mt Melbourne.

The Erebus volcanic province covers all McMurdo Volcanic
Group rocks in south Victoria Land. Mt Erebus itself is
still active, but the province includes rocks as old as

15 n.y. Two lava lineages very similar chemically are

recognised;
1) The Erebus lineage consists of strongly porphyritic

nepheline hawaiite-nepheline benmoreite-anorthoclase phonolite'
Phenocrysts of feldspar, clinopyroxene, olivine, magnetite and

apatite are characteristic. The chemistry of the lineage is
compatible with fractional crystallization of the phenocryst
phases o

2') A kaersutite lineage consists of basanite-nepheline
hawaiite-nepheline mugearite-nepheline benmoreite-kaersutite
phonolite-pyroxene phonolite. ClinoPyroxene (Woaa-agEt40-4g

F=Z_I4) is ubiquitous, kaersutite is common in all intermediate
Iavas and primqry olivine (Fate to FarU) is confined to the
basanites.
Major element mass balance models for lavas from Hut Point
Peninsula suggest formation by fractional crystallization
of olivine, clinopyroxene, spinel (includes magnetite and

ilmeniLe), kaersutite, feldspar and apatite. Middle REE

show a marked depletion consistent with kaersutite fractionation.
REE abundances were evaluated using the mass balance models and

published partition coefficients. Calculated REE abundances

show excellent agreement with the measured values. Abundances

of $incompatiblettelements Pb, Rb, Csr Th and U are not
consistent with the models and "volatile enrichment" processes

are invoked to explain their abundances.

Intermediate lavas of the kaersutite lineage are rare
in the Erebus volcanic province, occurring only at Hut Point
Peninsula and Brown Peninsula. At other areas basanite and

phonolite lavas predominate. However these are considered
to form by fractional crystallization processes similar to
Hut Point Peninsula lavas.
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Erebr.ls lineage Lavas differentiated at hiEher tertperatures
and, Low"r PH,O than those of the leaersutite lineage' whieh
characterise-the perilphetT' of BosE xsland- REE abundanses and

conparison with experimental melting studies indicate DVDP

basani.te originated bJ a trow degree of partiatr rnelting (1-S*)
of a hydrous garnet petidotite nantle at Bressures of 25-30
kbars. These data suggest that Ross lEtrand is the site of
a nantle plume with a dianeter o'f, about 100 km and centred
on Mt Erebus.
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CHAPTER ONE

I}iTRODUCTION

Alkali volcanism has been widespread in Antarctica
and its offshore islands during the Late Cenozoic, occurring
in three broad regions (Fig. 1.1):

i, the AntarctLc Peninsulai
. ii, Marie Byrd Landr'

lii. Victoria Land and the Balleny Islands. '

FIGURB 1.1 Distribution of tate Cenozoic volcanic rocks in Antarctica
(after Craddock, I9?2). Radiometric age detersrinations
from Armstrong (1975), BuIl and Webb (1973) ' Craddock
(L972) and Lel"lasurier (1-975 personal communication) .
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Lavas from the Antarctic Peninsula are mildly alkaline and

consist of hawaiite, mugearite and trachyte (Baker I L9721.

The Marie Byrd Land and Victoria Land volcanics are chemically
and petrographicalJ-y similar and occur in a similar tectonic
environment, fhey consist of alkaline basaltic to trachytic
and phonol.itic lavas which are generally more undersaturated
than the Antarctic Peninsula rocks. Although the Marie Byrd
Land and Victoria Land volcanics are separated by the Ross

Sea, Boudet,te and Ford (1966) consid,er they are part of one

Iarge petrographic province, The crustal structure between
the two areas is poorly understood, because of sea and ice
covetr, but as alkati volcanism is usually associated with
tensionaJ. environments (Sorensen, L9741, they may be related.
to a common tectonic feature, such as a zone of rifting.

Late Cenozoic volcanic rocks of Victoria Landr islands
in the western Ross Sea and the Bal-leny Islands constitute the
McMurdo Vol.canic Group* (Harrington, L958; Antarctic Lexicon,
in preparation). Treves (L967) described smalL volcanic cones

at Mt Weaver in the central Transantarctic Mountains (fig. 1.1) t
which he considered were correlatives of the McMurdo Volcanic
Group (Goldich et al, t 1975). A K/Ar age of 27.3t2.7 m.y,
(8u11 and Webb I L9731 places them well outside the age range
(0-15 m.y. ) of the McMurdo Volcanic Group and they are
therefore not considered correlatives (Antarctic Lexicon,
in preparation). The McMurdo Volcanic Group extends from the
Balleny Islands southward for over 1400 km to the strato-
volcanoes in the McMurdo Sound area (Fig. L.21, and contains
two active volcanoes - Mt Erebus and Mt Melbourne. The

McMurdo Volcanics are one of the larger Late Cenozoic alkali
volcanic provinces in the world. In terms of present plate
tectonic theory, the volcanics are aLl intra-plate. The reason
for the siting of ttrese volcanoes has not been satisfactorily
explained by any plate tectonic model.

It was realised at the beginning of this study that it
wouLd be impossible to examiner even in general terms, all
areas of the McMurdo Volcanic Group. Several centres vrere

Referred to elsewhere in this thesis as the McMurdo Volcanics.
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o,--u' 1*

Distribution of the ltcMurdo Volcanic croup in Victoria
Land, the aalleny Islands and islands in ttre western
Ross Sea.

FIGURE 1.2
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Lherefore selected for detailed geochemical and mj.neralogical
investigation to represent the area as a whole. Simifarities
with the remaining areas were made by comparing the results of
the detailed study areas with available data from the other
areas. Detailed studies were made of The Pleiad,es, northern
Victoria Landr dt Hut Point Peninsula, and to a lesser extent
Mt Erebus, Mct"lurdo Sound area.

Considerable areas of exposed McMurdo Volcanics in the
llcMurdo Sound area are unexplored, and offer areas for future
study, Such areas include Mt Discovery, Minna Bluff, Mason

Spurr extensive areas of basaLtic scoria cones north and, west of
Koettl-itz Glacier and the upper slopes of llt Morning and Mt
Terror (fig.3.10 ) .

This study is primarily geochemical and mineralogical,
with emphasis on the petrogenesis of the lava sequences in
each of the study areas. It has buiLt on the field work and
descriptive petrology of earlier workers but also includes
additional field work which is described below. A synthesis of
o1d (early 1900ts) and new (since 1956) chemical data has been
made.

Quantitative nineral chemistry has been interpreted to
determine the physical conditions under which differentiation
has occurred and, as an input for least squares mass balance
calculations of differentiation processes. The variation of
mineral chemistry with changres in lava chenistry rdas also examined,.

This study has been confined to the volcanic rocks, with
only rare exceptions. A large number of highty variabJ.e
plutonic inclusions, which occur particularly in the lavas
from the McMurd.o Sound area, have not been examined,. No effort
was made to examine the use of the McMurdo Volcanics in under-
standing the glacial history of Antarctica. but obvious
inferences or conclusions have been made.
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Field Work

Four consecutive austral sulnmer field seasons from
L97L/72 to L974/75 were spent in Antarctica as a member of
Victoria University of Wellington Antarctic Expeditions
(VUWan) 16 to L9, Field work associated with this thesis has
been on two main projects:

i. Dry Valley Drilling Project (DVDP) (McGinnis et a7.,
L972) as site geologist for holes 1, 2 and 3. I18 days ltere
spent examining and LogginS core (Treves and Kyle, L973ai
Kyle and Treves, L974al a

ii, Erebus Project during which the activity of Mt
Erebus was observed (ciggenbach et al.r L973; KyIe, L9751

in three consecutive seasons (total 45 days) from a camp at
3600 m on the summit cone.
Fiel-d lnvestigations of the McMurdo Volcanics in northern
Victoria Land, Ross Island and Mt Morning totalled only 29 ful1
fieLd days,

In alL areas examined exposure was poor and either snow

or morainic material predominated. Mapping was difficult
because small scale maps (less than 1:2501000) lrere not
available and aerial photography coverage was Poor and often
confined to oblique photographs. Some vertical photographs
from trimetrogon runs were available however. A sketch map

for The Pleiad,es area ldas drawn using vertical- and oblique
aerial photographs and rad,ial triangulation,

Previous Work

Previous information has come from the field work and

collections made between 1840 and 1916 by the rheroic erar
expeditions, and, from the rpost-IGYr (International Geophysi.cal
Year 1957-58) polar explorations. The older works are summarised

by Smith (1954, 1959) r Gunn and Warren (L962) and Stewart (1956);
the latter also listed al.l published chemical anal-yses.
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The rnost comprehensive studies of the post-IGY period
were made by Harrington et dl., (1967) and Hamilton (L9721 |

on four large piles of predominantly basaltic lavas which
stretch southward. from Cape Adare to Coulman Is1and (fig. f.2).
Hamilton (L972) presented field, Petrographic and. geochemical
data on samples collected during a helicopter reconnaissance of
northern Victoria Land. Thirty f,our high quality whole-rock
chemical analyses were published, though deductions based on

them must be considered tentative as they represent samples

from an area ln the order of 2O0O km2.

The McMurdo Volcanics in northern VicLoria Land, from
Mt Melbourne through to The Pleiades (Fig. L.21, have been

described by Nathan and Schulte (1968) and are discussed in
detail in Chapter 3.

Fiel-d mapping and, in some cases, petrographic studies
by Cole and Ewart (1958) r Treves (L962') | Cole et aI.t (1971),

Vfellman (1964) and the brief sunmaries of individual areas by

Treves (L967) clearly indicate an alternating basaltic and

phonolitic eruptive sequence in the !4cMurdo Sound area.
Unpublished B.Sc.(Hons.) projects (Kylet L97L; Adams, L973i

Luckman I L974) have examined some of these eruptive events in
more detail in the field, petrographically and geochemically.

A description of the anorthoclase phenocrysts and a
discussion of the development, of peralkalinity in the Mt Erebus

anorthoclase phonolite lavas have been given by Boudette and

Ford (1966) and Carmichael (1954) respectively.
The abundant plutonic incLusions in lavas from Hut

Point Peninsula and, basaLtic cones along the east flank of
the Royal Society Range (F.ig. 3.10) were described by Forbes
(1963), Forbes and Banno (L966) and McIver and Gevers (1970).

Geochemical and mineralogical interest in the McMurdo

Volcanics has been stimulated by activities associated with the
Dry Valley Drilling Project. Although little has been
published the abstracts of McMahon and Spall (L974a, 1974b);

Treves and All (L97Al i Kyle (1974a) ; Kurasawa (L97Al i
Browne (L97A) i Stuckless et a7. , (L974at L974b); Gold'ich

et a7. , (1973) ; Sun and Hanson lL974at L974bt L974el i
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Weiblen ex dL,e (1974ar 1974b) indicate,a Large a$punt of
current research.

During the f,inal stages of preparation of thts thesis
(Septenberr 1975) a major PaPer on the. geochernistry of the
Mc!{urdo Volcanie Group from Ross IsLand and vieinity by
GoldJ.ch et a7,2 G975) was pubLlshed. Reference to this paPer

ls restricted to diseus,sion in the final part of this thesis.
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CHAPTER TWO

Structural Control of Volcanism in the
McMurdo Volcanic Group, Antarctica

by

P. R. KyIe and J. W. Cole

This paper has been reprinted from
Bulletin Volcanologique
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Abstract

Volcanoes of the McMurdo Volcanic Group occur in four volcanic prov-
inces: Balleny, Hallett, Melbourne and Erebus. The Balleny and Hallet provinces
are distributed along the Balleny Fracture Zone and Hallett Fracture respec-
tively. Stratovolcanoes within the Melbourne province may be associated with
north to northwest-trending grabens and faults in northern Victoria l"and.
The Erebus volcanic province is located at the intersection of the Rennick
Fault and northeast trending faults along the central Transantarctic Mountains.
Within the Erebus province, volcanic centres around Mt. Erebus and Mt. Dis-
covery possess radial symmetry which may be related to radial fractures at
approximately 12tr to each other.

Introduction

The IVIc Murdo Volcanic Group (HennrNctoN, 1958; HennrHcrox
et aI., 1967; Narueru and ScHULTE, 1968) consists of under-saturated
alkaline volcanics which form the Balleny Islands, and the strato-
volcanoes and isolated cones in northern Victoria Land and the
Mc Murdo Sound region. The Group forms part of a large Late
Cenozoic alkaline volcanic province which includes the Quaternary
(Byrd) volcanics of Marie Byrd Land (Hannrxc'roN, 1965; Bouoerrr
and FoRD, 1966). The rocks range in composition from alkali olivine
basalt and basanite to trachyte and phonolite, and have been erupted
r:ver the last 15 m years (K/Ar dates from R.L. Anusrnor.rc, written
communication). Mt. Erebus, the main volcano of Ross Island, was
rccently observed to contain a small lava lake in which frequent
Strombolian type eruptions occurred (GrccuNBAcH et aL, lg73).

TRrves (1967) has described a few small cones of olivine basalt
and pyroclastic rocks from Mt. Weaver (Lat.87"S; Long. 152"W) and
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correlated them with the Mc Murdo Volcanic Group. However because
of their limited extent and separation from other rocks of the Group
they are not included in this discussion.

For the purposes of the discussion rocks of the Mc Murdo Vol-
canic Group are divided into four informally named volcanic prov-

Frc. I - Map of Antarctica showing distribution of provinces of the McMurdo Volcanic
Group. l - Balleny province; 2 - Hallett province;3 - Melbourne province;
4 - Erebus province.

inces on the basis of their areal distribution (Fig. l). The Balleny and
Hallett Provinces are the same as those designated by HnurlroN
(1972), and the Erebus province is renamed from Hamilton's < Mc
Murdo o volcanic province to avoid confusion with the Mc Murdo
Volcanic Group. A fourth province is proposed for the volcanics be-
tween Mt. Melbourne and The Pleiades (Na'ruaN and ScsulrE, 1968),
and is named the Melbourne volcanic province.

Regional Structure

Fono (1972) has reviewed previous literature on the tectonic frame-
work of Antarctica and concludes that Antarctica can be subdivid-
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ed into three broad tectonic provinces: a " Pacific margin " Andean "
province n in Grahanr Land; a u Ross-Weddell province > for the west
Antarctica-Transantarctic Mountains area, and an " Indian-Atlantic
province > for the older cratonic area of East Antarctica. The junction
between the last two provinces is along the Transantarctic Mountains
front for most of the length but the form of this boundary is a cause
of much speculation. we believe that the front represents a major
fault or fault zone, but there are few locations where this can be
clearly demonstrated. However at the mouth of the shackleton Glacier,
Beacon strata have been downthrown at least 2 km and probably
5 km by a fault subparallel to the mountain front (Bennrrr, 1965).
Farther north xenoliths of quartzose sandstone comparable to rocks
of the Beacon Supergroup exposed in the Transantarctic Mountains
occur in volcanic rocks near cape Royds on Ross Island (TuovrsoN,
I916), suggesting that Beacon rocks may also have been downfaulted
adjacent to Ross Island. on Leg 28 of JOIDES, marbres similar to
those outcropping in the Transantarctic Mountains were cored in the
Ross sea (HevEs et al., lg73), again suggesting a major crr-rstal down-
warping or fault along the Transantarctic Mountains.

SMrrHsor.{ (197D considers the gravitv gradient across Mc Murdo
sound and the Transantarctic Mountains is too large to be explained
by faulting alone and that it probably results from crustal thinnirig
from 40 km to 27 km. woollano (1962) arrived at the same conclusion
after considering both seismic and gravity data. snrrnsolr ( 1972)
however goes an to explain the crustal tl-rinning by plate-plate collision
and subduction along the front of the Transantarctic Mountains in
Late Precambrian times. The present authors do not agree with this
interpretation but believe that the Ross Sea more likely represents
an area of crustal extension possibly due to rifting.

In northern Victoria Land the topo-eraphic break on the east side
of the Transantarctic Mountains is also pronounced, and is consider-
ed to represent the surface expression of the Hallett Fracture (Fig. 2),
a major structural break which perhaps developed during the initial
separation of Australia and Antarctica.

Evidence of crustal extension also occurs in the Transantarctic
Mountains of northern victoria Land where the Rennick Fault crosses
the mountains diagonally and forms the eastern boundary of a graben
here termed the n Rennick Graben ' (Fig. 2). The Rennick Fault may
form a continental extension of the Tasman Fracture Zone proposed



-19-
by Havrs and CoNNou-v (1972), and, if so, the Rennick Graben may
have developed at the sante time as the Otway Rift and associated
structures of S.E. Australia (Gnlr,prrss,l97l; Hot'rz and Msnxl,1972).
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Structural Control of Volcanlsm

Previous syntheses have suggested that the volcanoes of the

Mc Murdo Volcanic Group can be related to one major structural
trend. Hennrxcrou (1965) calls this the Mc Murdo Volcanic Arc;
Mc IvEn and Grvsns (1970) the McMurdo volcanic belt, while GuHt'l
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(1963) related the distribution to the Ross Sea Trough. Reconnais-
sance mapping (Cneonocx, 1972) and aeromagnetic surveys (Ronrxsou,
1964) however show the volcanics to be discontinuous and they are
therefore probably related to several structural trends related to the
four volcanic provinces shown in Fig. l.

Balleny V olcanic Province

Volcanoes of the Balleny Islands are linearly distributed along
the Balleny Fracture Zone (FalcoNER, 1972), an oceanic fracture which
is probably a transform fault offsetting the Indian-Antarctic mid,ocean
ridge (GnTTFITHS and Vanxs,1972; FeLcor.rER, 1972). The Balleny Islands
are considered by these authors to be situated at the southern end of
this fracture which from rates of spreading rvould slrggest a maximum
age of 10 million years (GnrFFrrHS and VnnNs, 1972).

Hallett Volcanic Province

The Hallett province is also a linear feature comprising four
elongate volcanic piles along the north-eastern coast of northern
Victoria Land (HenRrNcroN et al., 1967; H.qprrlroN, lgTZ). Harrington
et al. (1967) suggest that < tensional rifts in a monoclinal flexure
would provide eqress for the volcanics , but there is no geological
evidence for such a flexure, and it is more likely that the volcanoes
are related to a major fracture which is here termed the < Hallett
Fracture n. It is possible that it mav be the southern continuation o[
the Balleny Fracture as the northern end has the same trend as the
Balleny Fracture. However further bathymetric or magnetic data in
the intervening area is necessary to con.firm this correlation.

Melbourne Volcanic Province

Neruaru and Scuulrr (1968, p. 943) consider that the volcanoes
between Mt. Melbourne, The Pleiades and northwards form a definite
curvilinear trend which suggests .. a deep-seated crustal rift or tension
zone roughly along the main ridge of the Campbell-Aviator Divide n,
but noted there was no structural evidence of such a zone. The
present authors consider that the locations of these volcanoes are
primarily controlled by north to northwest trending graben and fault
structures in northern Victoria Land (Fig. 2). The stratovolcanoes of
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Mts. Melbourne and Overlord are associated with the Rennick Gra-

ben, and the volcanoes of The Pleiades and minor eruptive centres to
the northeast possibly with the smaller NW trending faults between
the Freyberg and Victory Mountains (Fig. 2).

Erebus Volcanic Province

Mc Ivsn and GEveRs (1970) have suggested that Mt. Erebus may
lie at the intersection of a major north-south lineament and a subsid'
iary east-west fracture which passes through Mts. Terror, Terra No-
va, Erebus and the smaller volcanic cones in the Taylor Valley. The
present authors consider it more likely that Mt. Erebus and Mt. Dis-

covery are situated at the junction of the southern extension of the

Rennick Fault and a NE trending structure which in part may be the
northern extension of the Hillary Fault shown by GnlNolnv and Larnn
(le6e).

Symmetry of Volcanlsm in Erebus Volcanic Province

Subsidiary centres and lines of cones on Ross Island have a
radial symmetry around Mt. Erebus (Fig. 3), and their distribution
may thus be related to radial fractures at approximately 120" to each

other. A similar structural relationship occurs around Mt- Discovery
with three radial volcanic lineaments corresponding to Minna Bluff,
Brown Peninsula and Mt. Morning. This radial symmetry is consid-
ered to result from extension of the crust and is comparable to
that associated with the basalt shield volcanoes of Hawaii (Werur-

woRrH and MacooNALD, 1953; MacuoNat.o, 1965, 1972). Rift zones at
l20u to each other surround calderas at Koolau and Waianae volca-
noes in Oahu, at Haleakala on Maui, and around Mauna Kea, Mauna
Loa and Kilauea on Hawaii. MacooNelo (1972) suggests that radial
fracturing on a small scale is due to lateral thrust caused by the weight
of a column of liquid magma in the central pipe conduit. He consid-
ers this inadequate at Hawaii however and invokes stretching of
the volcano by formation of a near-surface magma reservoir and sub-

sequent fracturing. Such a mechanism is supported by the experi-
mental work of Chertkova, who demonstrated that radial fractures
form in paraffin wax rvhen subjected to vertical uplift by a round
piston (BEI-oussor,, 1962). The fractures produced tend to be sinuous
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and become younger away from the centre of uplift. Experiments by
Croos (1955) with clay models showed that even slight upward move-
ment of a plug resulted in radial fractures which opened into rift
structures with increased uplift.

The lavas at Mt. Erebus, Mt. Discovery and the surrounding areas
are predominantly alkali basalt and the differentiates, trachyte and

Frc.3 - Map of Erebus province showing distribution of volcanic centrr-.s (indicated
by ") and smaller cones (indicated by . ). I{eights shou,n in metrcs.

phonolite. Experimental melting studies on similar alkali basalts
suggest that they originate from depths of 50-100 km by partial melt-
ing of the mantle (Bulrtruor and Gnnru, l97I'; GneEN and Rlllcwotlu,
1967; O' Hnnn and YonEn, 1967). In favourable tensional areas such

as a graben or fracture zone the basaltic magma would rise through
the mantle into the crust creating pressure and updoming of the
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overlying rocks. This updoming would result in the development of
radial fractures about the centre of uplift.

In the East African rift valley there is a strong correlation be-
tween volcanism and broad topographic domes (Knrc, 1970). In the
lVlc Murdo Sound region there are no suitable reference planes older
than the main onset of volcanism to determine whether doming has
occurred, although submarine lavas (dated at 15 million years) are
exposed at an elevation of 400 m near Mt. Morning. Wess (1972) and
Vet-re (1969) have described uplift in the region since the commence-
ment of volcanism and this uplift has been interpreted in part as
glacio-isostatic and in part tectonic. If the uplift was due in part to
the intrusion of magma, it is likely that radial fractures would de-
velop in the upper crust. Magma would travel upwards and along the
fractures to form a series of dikes. Where magma reached the surface,
stratovolcanoes or lines of cones would form.

Conclusions

The Mc Murdo Volcanic Group is considered to consist of four
provinces each of which is uniquely associated with major structural
features. Linear basaltic piles in the Balleny and Hallett provinces
are associated with major fractures, while the stratovolcanoes of the
Melbourne and Erebus provinces appear to be associated with a
graben and fault intersection respectively. In the Erebus province
crustal doming resulting in radial fractures is postulated to account
for the symmetrical radial distribution of volcanic vents around Mt.
Erebus and Mt. Discoverv.
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CHAPTER THREE

VOLCANIC GEOLOGY

Introduction

Rocks of the McMurdo Volcanic Group (excluCing the
Balleny Islands) are situated along the front or eastern
fl-ank of ttre Transantarctic Mountain range (Fig. 1-2) - The

only exception is the Melbourne volcanic province where several
Iarge stratovoLcanoes l-ie across the range.

The TransantarcLic Mountains in the western Ross Sea

area consj-st of a basement complex of deformed Precambrian
metasediments which are intruded by Carnbrian to Ordovican
granitic and. granodioritic plutons (Warren' 1959). The plutons
are widespread, especially in the vicinity of the Melbourne

volcanic provJ-nce. This basement complex is capped by gently
dipping Devonian (?) to Triassic atluvial plain sed,iments,
intrud,ed by Jurassic dolerite sills, rn places the tholeiitic
magma has reached the surface and formed basalt flows (Warren,

1959). In contrast, at the northern extremity of the Trans-
antarctic Mountains weakly metamorphosed Precambrian geosynclinal
sediments form the basement onto which the Hallett volcanic
province lavas lyere erupted (Gair et aI-, f969). Nowhere in the
Transantarctic Mountains is there a dated terrestrial record from
the Jurassic until the conmencement of volcanism about 15 n.y.
49o'

The rock nomenclature used in this Chapter is explained
in Chapter Four.

Balleny volcanic Province

The Balleny volcanic province consists of a 150 km chain
of three large and several small islands (Fig. 3.1) r 250 km

northwest of Cape Adare, They lie on the Balleny Fracture Zone,



FIGURE 3.1 Location map of the Balleny Islands (after Quartermain,
1963, and Dawson, 1970).
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a transform fault which offsets the Indian-Antarctic ridge
(Falconer, L972; Kyle and CoIe, 19741 .

AIl the Balleny Islands are volcanic and probably Late
Cenozoic in age (Quartermain, 1963). Reports of volcanic
activity on Buckle Is1and were made in 1839 and 1899 but no

activity has been observed this century (Quartermainr 1963;

Hatherton et a7., 1965) . Fine volcanic dust horizons in sed,iment
cores from the south-west Pacific for 4000 km awayr are believed.
to have come from the Balleny Islands. One ash eruption with an

estimated explosivity of 20 megatons produced a widespread deposit
between 1.8 and L.6 million years ago (Huang et a7., L9741.

Very few landlngs have been made on the Balleny Islands.
The rocks examined in this thesis were collected by B. C. Water-
house (New Zealand Geological Survey) in January-March 1965. An

unpublished report (Waterhouse, f965) briefly describes the
geology of the islands and gives the sample locations. Little
descriptive information on the geology is available. The

islands are steeply cliffed and capped by snow and ice. Inter-
bedded tuff, aggJ-omerate, scoria and lava flows of a1kali olivine
basalt, basanite and hawaiite seem to predominate. Several of
the small islets may be volcanic necks or plugs (Hatherton et aI. ,

1964).

Hallett volcanic province

Rocks from the Hallett volcanic province (Fig. 3.2) were
not exarrtined in this thesis. The following sunmary from
Harrington et af,r (1967) and Hamilton (L972) is included to
extend the coverage of the McMurdo VoLcanic Group.

The rocks of the Hallett volcanic province occur as four
elongate offshore piJ-es, that rise to heights of over 2000 metresr
along the coast of northern Victoria Land. Three of the piles are
jolned to the mainLand by ice filled troughs, the fourth is an

isLand. The piles form a slightly curved volcanic chain, 210 km

in length. KyJ.e and CoIe (L974) beLieve the chain marks the
position of a major crustal fracture which they named the
rHallett Fracturet. From north to south the piles form the Adare



FIGURE 3.2 Generalised geological sketch nap of the Hallett
volcanic ptortitt."- Compiled from data giY:l-ly
Harrinqton et a7., (1967), Gair et a7', (1969)

and Hamilton (L9721.
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Peninsula (the longest, 77 km) , Hallett Peninsula, Daniell
Peninsula and Coulman Island (the shortest, 33 km). The

piLes consist of major overlapping I'domes[ or shield volcanoes
of elLiptical outLine and el-ongated in a north-south direction.
They were formed by eruptions mostly along a crestal fissure
zone, Three domes are prominent, on Adare and Daniel-I
Peninsulas and two on Hallett Peninsula and Coulman Island,
The Hallett and, Adare domes were erupted mainly from vents
east of the present peninsula, the eastern half of each vent
has since been eroded away. Daniel-l and Coulman piles are
symrnetrical,

Each pile consists of a thick foundation of palagonitic
breccias (hyaloclastite), piLlow breccias, dikes and sills.
Hanilton (1972) believes these were erupted und.er an expanded,
Antarctic ice sheet which had grounded on the Ross Sea shelf.
The piles are capped by a veneer of subgl-acial fJ.ows and tuffs.
Ages of the Lavas range fromLate Miocene (7,0 n.y,1 to Holocene.

Hamilton (L972, p. C43) has estimated the foJ-lowing
abundance of Lavasi tt70 percent of alkaline olivine basalt
and subordinate olivine trachybasalt, l5 percent of trachyte and
no more than a few percent of basanite, andesine basalt, latite,
phonolite and quartz trachyterr. He reported that the
assemblage Is strongly bimodal with only a small amount of
rocks intermedlate between basalt and trachyte.

Melbourne volcanic province

Introduction

The Melbourne volcanic province was proposed by Kyle and
Cole (L974) for the Late Cenozoic volcanic rocks in northern
Victoria Land forrning an arcuate belt inland from Mt Melbourne
that includes Mt OverLord and The Pleiades. At its northern
and eastern extremities the province borders the Hallett
voLcanic province (fig. 3.3), Kyle and Cole (L974) have
discussed the structural setting and believe the centres are



EVANS

NEVE

Tlre

;:

t

PIGURU 3.3 Location nap of the l^4elbournc vo.Icanic province,
of eruptive centres. Sr,e Tabl.c 3.1. for deta.i_ls
age de terrrrinaLiorrs .

'{.-i::.^. 
G/oc

'a !,, I o^
I

P

9
o

sharring distribution
and source of K/ar

LADY

b&l
COULMAN ISt

NEWNES
BAY ROSS SEA.

74

l68" 1700

I-EGEND

: Moin oreor of volconic oulcrop

a Smoll volconic centres

.il)t Hollett volconic province

'j.1* Oufcrop other thon McMuaJo Volconic Groui)

\- 
- Foult

1'3my K/Ar oger'"\
CAPE WASHTNGTON

YI
TERRA NOVA 

1BAY 1660

0km50
---.:TqF{cr--.qEf6



15.

related to northwest trending faults and grabens.
Nathan and Schulte (1968) have described the field

occurrences of the volcanic rocks in the area and divided
them into a Local" Suite and a Central Suite. The Central
Suite is the most abundant and consists of the large strato-
volcanoes of Mt Melbourne (2733 rn) and Mt Overlord (3396 m)

and the cones of The Pleiades. Lavas range from basanite to
trachyte, with rare nepheline benmoreitet 95t of the rocks
have intermediate and trachytic compositions. The Local Suite
includes alL other occurrences not part of the Central Suite
and with two exceptions the rocks are ol-ivine-bearing basanites
which generally occur as small outcrops and cind,er cones (fig.
3.3),

The Pleiades

INTRODUCTION

The pleiades (Lat. 7zo 40rS; Long, 1650 30rE) are situated
120 km inland from the northern Victoria Land coast at the head
of the Mariner Glacier. They are at an eLevation of 3000 m on
the Transantarct,ic Mountains (Fig. 3.3), To the northwest is
the Evans Neve, a large accumulation which feeds the Rennick
Glacier southeast into the Ross Sea. The Pleiades comprise a
series of small cones which extend L3 km in a north-northeast
direction, and are dominated by Mt Atlas* in the south, with
smaller less prominant cones to the north (Figs. 3.41 3.5).

PrLor to thls study, only two brief visits had been made

to The Pleiades in 1966 by RiddoJ-Ls and Hancox, and Nathan and.

Schulte, Riddolls and llancox (1968) d.escribed thin sections of
a basalt and two trachytes, but no locations for the samples

This cone has previously been referred to as Mt ELectra by
Nathan and Schulte (1968) but the name was not accepted by
the New Zealand Geographic Board, who now recognise Mt P1eiones.
The point named Mt Pleiones is not the surnrnit of the cone r so a
new summLt name, Mt Atlas was subnitted for approval
In back pocket.
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were given. They suggested The Pleiades were formed by at
least two periods of volcanism, an early trachytic episode
followed by a basaltic episode.

Nathan and Schulte (f968) discussed in detail the geology
of the vol"canlc rocks outcropping between Mt Merbourne and
The Preiades (Fig. 3.3). several. thin section descriptions,
a geological map and a discussion of the geology of Mt Atlas
Irere presented,

The present study was undertaken as part of Victoria
university of wellj.ngton Antarctic Expedition 16 (wwag 16)
L97L/72. A total of three days were spent in sampling and
mapping the area. unnamed cones and craters in the folrowing
discussj.on are referred to by numbers (Fig. 3.4),

AGE

Four X/Ar age determinations for The Pleiades rocks
(Table 3.1) indicate this volcanic centre is very young. The
oLdest dated sample from Mt Atlas is 401000 years old and
the youngest 3f000 years old. when the experimental error in
the determinations are considered, the ages are not significantly
different and can therefore not be used to deflne stratigraphic
relatlonships.

MT ATLAS

Mt Atlas (3020 m) (Fig. 3.4) rises 500 m above the Evans
Neve, It J-s a stratovoLcano, consisting of three main cones,
each of which is represented by a crater (Nathan and schulte,
J.968) . The oLdest and, Iargest cone (no. l, Fig. 3.4) is
401000 years oLd (TabLe 3.1) and is composed, of tristanite
(566) * and K-trachyte (667'). The latter is exposed on the
north side of the crater as oxidised scoriaceous flows.
Plutonic xenoliths (663, 668) of essexite up to 0.4 m, but

Sample numbers refer to the petrological collection, Geology
Department, victoria university. All numbers are prefixed by
25_i i.e. 666 is 25666. Sample numbers prefixed by p refer to
the petrological collectj.on, New Zealand Geological Survey,
Lower Hutt,
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TABLE 3.1 Potassium-argon age determinations for Melbourne voLcanic
provJ.nce lavas.

No. iilili,", sample Descriprion and, Location (b) 
Mean Age(c]rrqug! F -I0o years Bp

L 25706 Peralkaline K-trachyte, south side Taygete O.OO3IO.OI4
Cone, The PLeiades

2 P3708J. NepheLine tristanLte, cone 2, L.4 km west o.orzto.o4
of Mt Atlas, The Pleiades

3 2567L Trachyandesite dike on northwest side o.o2 to.o4
of Cone 3, Mt AtLas, The FLeiades

4 25666 Trl.stanite, cone 1,, 3oo t! west of Mt Atlas, 0.04 lo.o5
The PLeiades

5 P354r2 Glassy trachyandesite, west rin Mt overtord 6.9 to,l4
caldera

6 P37085a Trachyandesiter w€st rin Mt OverLord 7,2 +0.14
caLdera

7 P35413 Grassy trachyandesite, west rim Mt overrord g.r tl,z
caldera

8 P349L2 TrachyandesJ_te. surnsrit of Mt. Mel_bourne O.Ol tO.O2

9 P37L75 Trachyte, L km west Mt Melbourne surnnit O.Og tO.OIS

10 P34918 Trachyandesite; parasite cone north 0.25 tO,OG
flank, Mt Melbourne

1I P35422 TrachyandesLte; Baker Rocks O.l9 tO.O4

12 P35425 Basal.tl Baker Rocks 0,22 *O.lO

L3 MMld Basalt; souttr of WlLlow Nunatak 2,4 tO,l

L4 P35421 Basalt; Hades Tetrace 4,3 to.z

15 P354L6 Basalt;. Nathan HlL1s lg.O tO,7

(a) SarnpJ.e ntruber prefixed by P refer to petrologLcal colLectlon of the
New Zearand Geological survey, r.ower Hutt; MM J.s field number of
Slnon Nathan (tt.Z. GeoJ.ogLcal Survey). Unprefixed nrrnbers are in the
Vl.ctorLa UnLversi.ty petrologlcaL collectlon.

(b) All sanples were collected by Slmon Nathan except for salples J., 3
and 4 whlch were coLlected by the author.

(c) All determLnatLons are unpublished results by Dr Rlchard tee Arnstrongf
formerly of YaI-e Unlversity, novr at Unl"verslty of Britl.sh Colunbia,
Vancourler, Canada (see reference Arnstrong, 1925).
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averaging 0.I to 0.2 m in diameter, are scattered around the
rim of the crater.

Cone 2 (Fig. 3.4) is less well defined but exposures
along the western side indicate an alternating tristanite-
K-trachyte sequence. Tristanite (675) is overlain by K-trachyte
and this in turn by tristanite (661, 662, 673) and finally
K-trachyte (674), Nathan and Schulte (f95e) have described,
a nepheline tristanLte fLow (P3708I equivaLent to 661) from
cone 2 with a fstreaked,l texture due to flowage or semi-
consolidated. lava. K/Ar age determinations on the nepheline
tristanite give an age of 12r000140r000 years (TabLe 3,1).

The youngest cone (no.3, Fig, 3.4) is composed of
tristanite (670), with a near circular unbreached crater. It
is eut on the western side by two near vertical- trachyandesite
(671) dikes, which intrude through oxidised poorly bedded
tristanite agglomerate, One of the dikes gave a K/Ar age of
20 | 000140 | 000 years (Tabl-e 3.1) ,

Nathan and Schulte (1968) suggest the two'small undissected.
cones 4 and 5 are the same age as cone 3 of Mt Atlas. The
southern cone (cone 4') has a crater 200 m in d.iameter and is
composed mainly of K-trachyte (665). The crater rim is however
capped by red oxidised and rare black unoxidised trachyandesite
(664) which shows a ropy texture. A few trachyandesite bombs
are scattered over the cone,

At the north-northwest base of Mt Atlas, Nathan and
Schulte (1968) have described a pattern of semi-circular
rldges (Fig. 3,6) which they state f'appear to be the remnant
of an o1d trachytic stratovolcano which was presumably eroded
down to a J-ow level and later pJ-aned of f by moving ice".
However the ridges are composed of material like that forming
moraines the present author has seen in the McMurdo Sound area.
The surface of the ridges consist of slightly rounded well-
sorted pebbJ.es and cobbles 0.01 to 0.2 m in diameter (Fig. 3.7).
The rock types are all volcanic but are diverse and cannot be
considered to be ln place. The youlg age of The Pleiades gives
very l"ittle time for erosion to occur, Processes are aLso very
slow judging from the youthful appearance of 7 m.y. old Mt
Overlord (Table 3.I).
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Several pebbles and boulders of tristanite in the moraine
are salt weathered and many have the underside coated with
carbonate.

ALEYONE CONE

Aleyone Cone*, 2 km north of Mt Atlas, is only sJ-ightly
Lower in elevation than Mt Atlas, but much smaller in areal
extent (Fig, 3,4). On the east side, Aleyone Cone is nearly
completely covered in snow, while at the north end there is a
Iarge slaggy scree composed of large blocks and bombs of
scoriaceous trachyandesite (703). This is only thin however,
and at the base of the slope and at the south end of the cone,
K-trachyte (7Of | 7021 underlies the trachyandesite. A poorly
defined crater breached to the east seems to be the source
of the trachyandesitei a thin (-1 m) trachyandesite flow
originatlng from the direction of the crater mantles the trachyte
near the summit

About 100 m north of Aleyone Cone is a low horseshoe-
shaped crater (Crater I, Fig. 3.41 t breached to the northeast.
It is composed of K-trachyte (705) similar in composition
and probably similar in age to K-trachyte (70I) from Aleyone
Cone. The trachyte is overlain by blocks and bombs, and to
the south-southeast by a L-m-thick scoriaceous flow of nepheline
benmoreite (704'l ,

TAYGETE CONE

Taygete Cone* is an endogenous dome of peralkaline
K-trachyte (696, 698| 699, 7A61. Lt was probably emplaced in
part as a consolidated or semi-consolidated plugr €rs slickensides
are well-developed al-ong the south flanks. Slickensides are
common within the cone, and this, together with the irregular

* Name submitted to the N.Z. Geographic Board for approval.
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structure and. weakly developed flow banding indicates an

endogenous origin. A R/Ar age determination (Table 3.1),
on the trachyte (7OA) gives an age of 3'000 years, indicating
the cone is very young, possibly postdating Mt Atlas. Areas of
hydrothermal alteration 3 to 6 m in diameter appear to represent
the most recent activity associated. with the cone. There are
at least 5 areas, each showing a zonaL distribution of alteration.
The centres are white, strongly bleached, silicified sulphur-
coated trachyte. Around this is a zone of less altered hematite-
stained trachyte (probably a result of alteration of ferro-
magnesium mineraLs) and beyond this light grey weakly-al-tered
trachyte. The zonal arrangement and the occasional area of
strong alteration aligned with the slope suggest that the
alteration resulted from a hot spring, Salt weathering of
the unaltered trachyte is very conmon but the hydrothermally
altered trachyte shows none, indicating that the aLteration
is probably recent,

A small semi-circular crater 100 m in diameter is super-
imposed on the eastern side of Taygete Cone. The crater is
mantled on the south and southwest rim by yellow nepheline
mugearite (700) agglomerate. Lava of similar composition to
that forming the agglomerate also overlies the trachyte on the
northern end of Taygete Cone and is probably the same age as

the agglomerate. The areas of hydrothermal alteration d.iscussed^

above may aLso be contemporaneous with the crater development
and associated. agglomerate formation.

Northeast of Taygete Cone there is a larger mainly snow-
covered crater (Crater 2, F.ig. 3.4). OnIy the east and west
sides of the crater rim are exposed, with rare outcrops,
Slope materiaL suggests that the crater is composed of a light
greenish-grey trachyte (6921. This is cut on the west side by
a srnall nepheLine benmorelte (690) dike, which may feed a few
thln nepheline benmoreite (691) flows. The benmoreite contains
abundant (f-3t) xenoliths of comagmatic(?) syenite and basement
granite. It is overlaln by a dark trachyandesite(?). On the
northwest rlm there is another small crater (Crater 3r Fig.
3.4) composed mainly of trachyte which is again overlain by
trachyandesite (?) .
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To the north and west there are a further four eruptive
centres. Crater 4 (rig. 3.4) is mainly snow covered with only
the east rim exposed. AJ.though no outcrop occurs, slope
deposits ind,Lcate the crater is mainly light eoloured pumiceous
trachyte (681) and peraLkaline trachyte (680) which is overlain
by basanite (679), A small trachyte (678) fLow occurs to the
east of crater 4.

Cone 7 (Fig, 3.4) r an endogenous dome, is composed mainly
of, nepheline benmoreite (683) which, like most of the other cones
and cratersI is mantLed by Later basanite (682) lava and
pyroclastics. The basanite (682) forms a semi-circular crater
on the east side of cone 7.

The near circular crater 5 (Fig. 3.4) is the most northern
outcrop of The PJ.eiades. It is breached to the south, and

appears to be composed mainly of nepheline hawaiite (685).
Cone 5 (rig. 3.4) and the slopes l-eading down to the

Mariner Glacier are strongly eroded K-trachyte (687) flows (?)

whj-ch show strong dog-kennel tyPe salt weathering, The exposure
consists mainly of rubbly trachytic slope material containing
fragments of d,ark basaltic rock. Tristanite (688) pyroclastics
from an unknown source cover much of the upper part of cone 6.

STRATIGRAPHY

The limtted exposure (Fig. 3.5) and diverse chemistry add
petrol.ogy (Chapter 7) make time relationships between the various
cones and craters of The PLeiades very difficult to determine.
ALl vents north of Mt Atlas, except crater 5, are composed mainly
of K-trachyteT peralkaline K-trachyte and tristanite which is
overlain by Later basaLtic and intermediate lavas and pyro-
clastics. Crater 5 is probably part of this final eruptive
episode. Mt Atlas shows 3 stages of development and erupted
alternately tristanlte and trachyte Lavas. K/Ar ages for
Mt Atlas of between 401000 years and 121000 years suggest it
predates at Least the peralkaline K-trachyte of Taygete Cone

which has a very young age of 31000 years, The error in the
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age deterninations are however large and the uncertainties in
the deterninations overlap, The ages do seem to fit the
stratigraphlc seguence as inferred in the fj.eLd and at reast
gives an indJ.catLon of the youthfulness of the voLcanism,

In concLusion, The Pleiades eruptive sequence is one in
which trachyte and sali.c dLfferentlates are the initial-
eruptl,ve phase f,ollowed by more basic rocks. The seguence
aPPears to have repeated itself many times but because direct
correJ.atLon between cones cannot be made, the number of cycles
is unknown.

Dlount Overlord

Mt Overlord (3396 m)

youpg stratovolcanol but
(rig. 3.8) has

three R/Ar ages
the appearance of a
give a mean date of

FXGURE 3-g Aerial viero
the head of,

of ut Overlord (3396 n) Iooking west torards
the Rennick Glasier.
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about 7 m.y. (Table 3.1). This surprisilgly old age ind.icates
the very slow rate of erosion, especially at high altitudes away

from major glaciers.
Gair (1964, L967) was the first to visit and describe

the rocks from Mt Overlord. In a subsequent visit Nathan and
Schulte (1968) prepared a. geological sketch map and gave thin
section descriptions additional to those given by Watters in
Gair (1967).

Ivlt Overlord has a wide (1 km) caldera which is best exposed
on the eastern side as a cliff of trachyandesite (7L7).
Exposures on the flanks are very poor but surface material
ind.icates the cone is composed predominantly of intermediate
and trachytic lavas.

Mount Melbourne

Mt Melbourne (2733 m), the largest volcano in the
Melbourne volcanic province, is situated between Terra Nova

Bay and Wood Bay (Fig. 3.3) on the northeast side of the
Campbell Glacier. It is active (Nathan and Schulte' 1967)

with areas of steaming ground and fumarolic ice features (Lyon

and Giggenbach, L974) .
K/Ar age determinations of between 0.01 and 0.25 m.y.

(Table 3.1), give only a general indication of events. A

parasitic cone on the north flank (Fig. 3.9) appears to be
a very young feature and certainly postdates the formation of
the summit lavas. However it has the oldest K,/Ar ages, probably
because of a small excess of radiogenic argon.

A 2.4 m.y. age (Table 3.1) for S. Willows Nunatak (fig.
3.3) suggests that volcanism continued for several million years
in the Mt Melbourne area. Baker Rocks to the north of Mt
l{elbourne also gives two ages (0.I9 and 0.72 m.y.), both older
than any from the upper slopes of Mt Melbourne.

A breached caldera about I km in diameter is the main
feature of the summit (F'ig. 3.9), Two small craters with areas
of strong hydrothermal alteration and steaming ground are
superimposed on the south side of the caldera (Nathan and
Schulte, 1968).



. 0'25 K/At oge my

2s?rs VUW somPle no.
,urrr@

o.ruffi,;osirecone

triLj

t

BAY

k'lo

fuilto*t
I Nunotok

Houti
It? ,^,€
I l1\ oMELBorolc \r

iir{ I r

iliil\r

wooD

r Rocks

b

E
tf,,

"\
9\

€\
2-4c

++++++

+++
+++
++++
++++
++++
+++++
+++++
++++++
PATEOZOIC
lNTnuslvEs
++++++
++++++
++++++
+ +++++ +
+++++++
+++++

++++++
++++++
++++++
++++++

FIGURE 3.9 Geological sketch
and Schulte, 1968)

26.

map of Mt Melbourne
showing location of

(after Nathan
analysed samples.



27.

Exposure is very limited, with the snow-free slopes being
mainly scree and slope material. Oxidation has also affected
a high proportion of the rocks. On the north side of the
caldera a good section through the caldera wall shows old
trachyte (7L2') flows which are overlain by young trachyand,esite
(713). Spindle-shaped trachyandesite (716) bonbs up to 2 m in
length are common around the surunit. A small parasitic
trachyandesite (7L41 cone on the north slope overlies old,er
trachyte (7I5). No basaLtic rocks have been found on

Mt Melbourne, but at Baker Rocks. Nathan and Schulte (1958)

have described a sub-horizontat finely stratified basaltic
agglomerate (tuff). The basaltic nature of Baker Rocks suggest
it may be considered part of the Local Suite rather than the
main l"It Melbourne centre.

Small Volcanic Centres

Small centres of the Central Suite are widespread in the
Campbell-Aviator Dlvide (Nathan and Schulte, 1968) and north
of the Mariner Glacier (Riddolls and Hancox, 1968) (fig. 3.3).
The outcrops can be divided into cones where a recognisable
cone shape occurs t ox mounds when only smears or patches of
scoria occur (Nathan and Schulte, l-968). With the exception
of trachyte at Navigator Nunatak and Surprise Hills all the
lavas are olivine rich basalts (basanites).

Riddolls and Hancox (1968) have d^escribed small mounds

of basaltic scoria (P34988) from the Malta P1ateau. They believe
the Low clome shape of the Malta Plateau may be due to a number
of coalescing shield voLcanoes. From a dj-stance the shape

resembles a low angle basal,tic shield volcano, and contrasts
with the steeper intermediate and trachytic volcanoes of
Mt Overlord, Mt lvlelbourne and lvlt Atlas. If so it is the only
major basaltic volcano in the Melbourne volcanic province.
Gair et at. r (1969) have lndicated an extensive area of McMurdo

Volcanie Group rocks near Mt Phillips (Fig. 3.3). Brief
aerial reconnaissance and examination of oblique aerial
photographs have however failed to reveal extensive volcanic
outcrop Ln either the Malta Plateau or Mt Phillips areas. Until
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a ground survey or aeromagnetic survey is made, the presence

or absence of any major volcano east of The Pleiades (Fig. 3.3)
must be held, in contention,

Two Loca1 Suite basalLic lavas have R/Ar dates (Table 3.1)
of 4.28 tn.y. (Hades Terrace) and 18.0 m.y. (Nathan Hills). Ivlr

Simon Nathan (personal communication, L972) reports the cone
at Nathan Hills is extremely fresh and, very young in appearance,
and consequently he strongJ.y doubts the validity of the 18 m.y.
date. .

There is insufficLent dating of the Local Suite lavas,
but it seems likely that there is littLe time difference bet$reen
the stratovo]"canoes of the CentraL Suite and the basaltic
cones and mounds of the Local Sulte.

Discussion

The Central- and Loca1 Suite of volcanics are probabty each
assoclated. with different structural features. Typically the
volcanlcs of the LocaL suite occur as small outcrops and often
seem to be associated with smalL local faults. In several
places basaltic .Iavas are extruded along mylonitised fault
zones. The lavas are olivine rich (Nathan and Schulte, f968)
and so may have rlsen rapidly from the mantle with onLy minor
upper crustal differentiation. If the magma had suffered
extensive differentiation the large amount of olivine would
have rapidly sett,led out. The Central Suite lavas contain
frequent cognate pJ-utonic xenoLiths. These indicate the Central
Suite volcanoes are underlain by magma chambers (Nathan and

Schulte, 1968), in which differentiation has resulted in the
range of intermediate and trachytic lavas. The volume of lava
Ln the CentraL Suite ls many times greater than the LocaL suite.
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Erebus volcanic Province

Introduction

The Erebus volcanic province was proposed by Kyle and

Cole (]974) for all Late Cenozoic volcanics in the McMurdo

Sound, area, south Victoria Land, Franklin Is1and and Beaufort
Island (Fig. 3.10). Hamilton (L972) and' Kyl-e (l-971)

independently proposed the names McMurdo VoLcanic Province

and Ross Volcanic Province respectively for these Volcanics.
However neither of these ls here considered acceptable because

of possJ.bLe confusion with the McMurdo Volcanic Group and the
,James Ross Island Volcanic Group of the Antarctic Peninsula
area (Adie I L969 | L972) .

The main volcanic centres of Ross Island, Mt Discovery,
and surrounding areas are situated in front of the Transantarctic
Mountains at a point near a flexure in the trend of the range
(Fig. 1.2). Mt Discovery ties near the apex of the bend where

the Transantarctic Mountains change from a N-S trend to a

NE-SW trend,. This is also one of the regions of greatest uplift
along the Transantarctic Mountains of Victoria Landr the Royal

Society Range having an average elevation of about 3800 m.

Smaller basaltLc scoria cones and flows are scattered
over much of the Dry Valley area and aLong the foothills of the

Royal Society Range. These are probably distributed along small
Iocal faults, The l-arge volcanic centres along the coast,
however, are probably associated with rnajor crustal faults
related to rifting (KyIe and CoIe, L974).

In this section the geology of Ross Island will be

d,escribed in detail. The areas surrounding Mt Erebus have

similar lithology and are described in the orderr Cape Bird,
Cape Crozier, Hut Point Peninsula. A description of Lavas at
Mt Erebus and Erebus Bay concludes the section.
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E
A large number of K/Ar age determinations have been made

(Tables 3.2t 3.3)r mainly by Dr Richard Lee Armstrongr who

kindly provided his unpublished results. Many of the samples
from the main voLcanic centres (Tab1e 3,21 were provided by
the author to determine the volcanlc stratigraphy and delineate
ages of individual volcanic centres. Samples from the Dry

Valley area and Koettlitz Glacier (Table 3.3) $rerer with one
exception, colLected by U.S, geologists from small basaltic
cones.

The ages show a range from 0.08 lt],!. to 15.4 m.y. (mid-
Miocene), with the majority <5 m.y. Most of the main volcanic
centres seem to be active for 1 to 1.5 m.y. There is no obvious
pattern to the volcanism or evidence of a regular migration of
activity.

Correlation

Very little age overlap in activity between various centres
is apparent. It seems the volcanic vents act individually;
eruptive sequences cannot therefore be correLated between
centres. The formations proposed by Cole and Ewart (1968)

for eruptive events at Black Isl-and, Brown Peninsula and Cape

Bird (fig. 3.10) and extended to Cape Crozier, White Island,
and Hut Point Peninsula by Col-e et a7. 2 (1971) are not time
equivalents. Although the eruptive sequence of alternating
basanite and phonoLite is very sinil-ar throughout the Mclvlurdo

Sound area, each eruption is an independent event and should
not be correlated with events at other centres. Where

stratigraphic names are required informal sequence names

restricted to a volcanic centre are recommend.ed (c,f . Hut
Polnt PeninsuJ.a, see page 43 ).
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TABLE 3.2 Potassium-arqon age determlnatlons for the rnain volcanic cerrtres,
Iirebus volcanlc province.

w". fiffi]i r.r Location t#SftBi Rock rvPe and occurrer.ce

ROSS ISLAND

L 22934 Cape Bird A; Cape Bird WR Kaersutite phonolite flow 3.0 t0.15 I
2 22935 Alexander H1111 Cape WR Pyroxene kaersutite phono- 3.1510.09 I

Blrd lite flow
3 22932 tlalpuke Beach, Cape WR Olivine augite basanite 3.7 !0.2 L

Bi-rd f low
4 Tl59?0 Sunmit Dtount Bird wR Phonollte 4.5 !0.6 I
5 25778 The !'angl Mt Erebus WR porphyrieic plagloclase 0.?310.07 I

hawaiite flow
6 25777 Bhe fang, Mt Erebus WR Forphyritic plagioclase 0.8110.02 I

hawaii.te florc
7 25728 Upper northern sIope, WR Glassy anorthoclase 0.15i0.05 I

Ut Erebus phonolite flow I 0.18t0. 06

I 25723 Sarne sample as 7 Fsp Anorthoclase separate 0.20i0.07 I
9 Sunmit crater, Mt Erebus FsP Anolthoclase phenocrysts; 0.44t9.99 I

lag gravel
10 T13170 Mt Elebu6 wR Anorthoclase phonolite 0.4530.2 1

] o. s:0. ta
11 T13I70 Same sample as 10 Fsp Anorthoclase seParate 0.35!0.15 I
L2 youngest flow, Cape Fsp Anorthoclase phonolite flow 0.58i0.14 2

Royds

13 22gLO Youngest fLovr, Cape Fsp Anorthoclase phonolite florv 0.94t0.05 I
Barne

14 22909 Middle cone I{R Aphanitlc hawaiite ftow 0.9 s0.2 L
Cape Barne

15 22907 West cone, Cape WR Aphanltic hawaiite florp 9.2 !L.2 3

Barne
I5 22892 BLack Knob, Hut Point wR Basanite; small scoriac- 0.4310.07 5

Peninsula eous cone

L7 22900 l,lest of Black Knob, WR oLivine-a.rgite basanlte 0.5710.03 5

liut Point Feninsula flow
18 22878 Half Moon Crater, Ilut WR Augite kaersutite basanite l-.0 i0.15 5

Point Peninsula flow
19 22879 Castle Rock, ttut Foint WR Cllvine augiLe basaniLe 1.1210.4 5

Peninsula dyke in hyaloclastite
20 Observation Hlll, Itut wR Kaersutlte phonollte 1.18t0.03q 4

Peninsula
21 T14970 llt Terra Nova WR BasanlEe 0.8 !0.5 I
22 22976 Coastal cLiff below Post WR Basanlte flow 0.8 10.14 I

Office HiII. Cape
crozier

23 22955 The Knoll., Cape Crozler IfR Phonolite flow 1.2910.05
24 22943 Post Offlce Hill, Cape i{R Phonolite flow 1.3It0.04 L

crozLer
25 22962 Topping Peak,Cape WR Kaersutite phonolite dlke l.?l!0.3 3

Crozler
WIIITE ISLAND

26 22989 North errd, Whlte Island I{R ollvine auglte Sasanite 0.1710.1 3
flotr

BRO?SN PENTIISULA

27 2L058 3 km west-northwest wR Kaersutite baganite flow 2.1 30.{ I
lit WiBe, Blown Peninsula

28 21094 I.5 kn south-east of wR olivine augite basanite 2.2 !0.09 I
Mt Wise, Brown Peninsula flow

29 31047 2 krn north-eas! of llt tfR Kaersutite phoncllte flow 2.25!0.05 L
Wise, Brown Penlnsula

30 21001 Rainbow Ridge, Brown t{R Kaersutlte trennroreite flow 2.7 10.09 I
Penlnsula

Ilean Age (c)

106 years lteference
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TABTE 3.2 Pota€siun-afgs{r age deterrnlhqtiond for the srain imtaanl,c eentrea,
Ef,tlbus volcanlc prqvinee (esntinqed.r.

No. sanple
N"migg (a) 'reqaEiga Hffitet &ee:. sylre a4ct'EcEurrence' Tf;{"|ffi u"si?1"r"

31 31200

32 2L2o'8

t3 2120s

34, 2reo5

35 2L:2eO

3 t(E eag't ldt Aurora,
Blaek Islaud
DsXrllcAte azlalysls
SaqrJ.e 31.

2r kni north*east tlft
AuEoEa., BlaCk lEland
Euplt.oate aaalliElE
Sarqrlle ,33

4,5 ks €out&-erist ![t
Melanla r Bleek leland

F&Aqli [sIAr[D
rfn 'Oti.vLne augJ-te basanl.te

flor{
t{R

llR Pyroxene phonoJ.ite

Ifn

,ItR Olivine auglte b,irEahtrLe

Mqtn{r LIEco\rEBc
trsp

l@tNr !{oRlIxNe

3. 35!0. I{

8.Z q..0

3r.8 tOr 09

4.t to.5

10.9 c.0.{

5..3, f0.14

L.1,5t9.92

150tl :t0.5

t.8 12.0

1

3

1

3

:'

36 $5X70 !lt, Dlscover,y

258-00 2.5 .kn nort.h o,f sssrl,t, mR' PhortaLlto eone
of, Et'!@rni,ng

25799 4lso.east qf, irake !@rning Wh. grs-chl'exdles{te dike i,n-
tfudirrg sr&martne baeal,t*

RzC Ftankl{a I'slasd
flRAwrr,ns rs.,AnD

ith Fasalt

T

L

gv

38

39

0af 6a!rrE,,Le rrusiher Eefers to trretr,ologlcal eolleeti.orr rat Viebonld Unive.raitlt of,
Welllngton unlese pref.lxed b]'T sr R in whie.h qaae the galIpl.gg 169r€
collected !y Or S.,F. Trev€r, iuni'irersiby of Nebraglcai artd, Mt g.tnoa Natha[,
lqevs Zealand GEolqgla:al. gu'rEveyr respeetiv€Iy.
WR g whote ro,ek
Fop = felids,E af separate
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1. Dr R, [. Arrnattoag (-pers,. eontrt.] fo.rnertlr of YaIe Univeeal,tyr
no r at UnJ.rie:e:i.ty of Br.tr ,.i.sh Cstr;rlr&ia, Vancou\r,sr, Canada..

2. rrev,ea (19,6?),
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5. Kyle dncl $re\rc.e (1974c).
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TABTE -3. 3 Potassi.i"u{-arqon
Volcanic Group

Jq.

agc determinatlorrs
from Dry Valleys arrd

ior sarnlrJe of the licl,llrrdo
l(cetti.ltz Glacier.

*.iffi:: LocaEion Bil:at Rock Ti.pe and occurrence l.,leqn Age Reference
10u years (a)

WRIGHT VALI.EY

1 Ll'{'.i-3 W rnargln, Meserve Gia- WR Basanlte cone
cler acc':rnulatlon
basin
West side of Meserve WR
Glacier
Sample as 2 WR

. ?Mardlh ?+wrisht valley ;;;i;; 
*' rlR

elaclei?
Wriqht VaiLey ?high on WRS lraIl?
Second toop cone, VtR
smalLer and nore rrester-
1y of two corres

Above Taylor Glacler I,iR

South slde Lower Talrlor WR
Valley
Above TayLor Glacier WR

E. of Rhone Glacier WR

As 10 WR

r:.bove Taylor Glacier WR

Above Taylo! Glacier WR

Solas Glacier wR

gnout of Taylor Glacier WR

Solas Glacler WR

4 k$ east of Lake l{R
Bonney

Marr Glacier IYR

Llplne IL roralner 1 meter
depth. Basanite
Surface sample, basanlte
Basanite

EasanLte

Basanite cone

Cinder cone partly dissecled
Anorthoclase phonolite in
noraine
Basanite lava cascade from
crest ridge
llassive basalt flow on
cinder cone

Bo:nb on cinder cone
Basalt flow cappllg till
Basalt l-ava ca.scade fron
ri-dge crest =300 m iron 9

Basalt scoria pile that
antedates anJ postdates
local advances of glacier
La.t,eral lvloraine i sarnple
fron vol-eanlc eonplex up
valley
Basalt lava flow in froni,
of glacler
Basa1t corplex on a bedrock
bench
Basalt lava on steep wall
below glacier
Basalt flow

Basalt dlke on valley floor
Basalt lava flow ln front of
glacier
Baaalt lava on valley floor
Basalt lava next to glacier;
near higlrest expoaure
Basalt lava overllee tiIl

Basalt dlyke exposedl by
erosion
Core of dyke or clnder cone;
baBalt

2 Lr"l-I

3 tl'tJ-2
4 WI?E

5rrv3

6 LMJ-{

727
I 22978

926

L0 23

11 20

L2 24

13 29

1{

l5

16 10

T7

186

193
20 I
2L 13

22 10

23 L2

24 16

23 19

258

277

2.5t 0.3

3.4!0.6

3.410.1
3.50j0.2

3. 75 !0. 2

4.2 t0.2

1.5310.06
1.5{!0.3

1. 84 i0. ll

i.79r0.13

2 . 00 t0.18
1. 94 10.12

2. 00 t0. 05

2. 3 !0.8

2.6 !0,2

2.6610.06

2.8 !0.2

2. 87 !0. 15

2.89!0.10
2.9310.10
2. 95 !0. 07

3.00 !0.10

3.1]- t0. 09

3.33r0.10

3. 38 c0. l{

4.5 10.7

4.64r0.12

2

3

HilI below Marr Glacier
Probably same as 19

West of, Solas Glacler
Solag Glacleli sanne act
1.5

West of Solag Glacier
Matterhonr Glacier

Near but upvalley fron
Matterhorn 6lacier
East of Solas Glacler

East of Solas Glacier

WR

WR

WR

l{R

9tR

WR

WR

WR

!{R

2

z

2

2

2

2

2

2

2
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SA5trB 3.3 Potasal.um-argor.r age dl,ete,flulnatlong .fot *anpte of the McMundo,
Volcanlc croup fron Dry Valleye and l(oetLlitz Glacie! (continued)

*. iiltB:; Ioeatlorl ;l[34" Bodk rype and oeeuFEenoe ffiPr:3:" Rele*ence
(a)'

28 12

29 3la
30 3n_b

3l 4s

t2 4.1

33 39

311 50b

3.5 50a

36 4.7a

t7 484

3g 47b

39 6"6

to 46

41 {0
12 30

t3 65

14 3r5

45 {9b

116 {9a
47. 63

'48 3,6

{9 37

50 73

Pyranid Valley
ntr
trn

Canyon below Welcott
€lacier

otl

Fyr,anld Valley

Boaring valley

no

Dromedary Platforrr
Can!'on bel-ow W'alcott
GIaCier
top of The Bulwark
N eulqsLt lrhe Eulwarlc
Drodiedsry Platfotin
Ey:ranld \taUey

Roarlng valley

fii

DEgueaary Ptratfostri
The Bu,lwark WR

lgear tongue of Koettlltz HR
Gtraeler

Bowchin GlacLer

KOETTTLIfZ. GIACIER

IYR BaBalt dome
-iilRnf

WRur
lgR. UG{relr untrts of basalt l'ritta

YfRlndrn
WR Eoderately glqsiated ba:eelt

eilder eone

llR Basalt lava f,lol{ flooil,ing
lnouth of, vauey

||itl

,Dotres ln valley
llifll

[i :Fn

Basa.It
Basalt LaV.a f,1ou

Basal,g f lotr-overl.{ee,tll.L
BaEa;Lt, bolirb

Baa6lt
EaEdIt .lava tongue 6ff Etlg
tsulvrar&, palago,,ntic tuf f, I
na$t1ea blr tuff
Basalt ].ava tlqw dorsa elde
ol valley

ttrin

Maesive baEalt flow exposed
bJ erosi,oE
ll.aesl.ve basalt f,low ageoc-
iated wX€h p-Llto'tf
aggl.onerate

t[R

rR
tlR
IfR

WR

I{R

i

a

t

r
c

t.

WR

WR

lfR
YIB

0. 0810- 13

o.22tO.l2
0.2e!o.06
0. 2710.10

0. 'l5ro.0?
0.7lr0. LG

0. 8{f0 . 07

0,9010.09
I. t2!O- 1.4

1.2510. I0
I . 35l'0. 20

I . 21s0 .09
1. 45t0.15

r . 65!0. 3

1. 6610.- {
1 .6810.00
1.83t0,. 09

J..?8i0.1.9

2.1010.09
2.44r0.15
2.88r0r 15

13.3 !0.{

1'3.8,r0.2

2

z

2

2

2

2

2

2

2

2

2

2

z

2

2

2

2

2

z

nR

l{R
lsR

(a) 8€ferenc6a
U Fl,eckr itoqrean Behltng (1972).
Zl Uapublieheti results by ur R. I.. Arnstrong tpeEg.

fonnerl"y of Yale Univereilyri aort at ltrnlverEity oE
€olunrbl,a, va$couver' eanafla.
tlnpubli.ehed resuLt btf Df c. Adai[s (parg,. eour.);
Of lsuclear Se:Lensegr D!6.I.R. ' Lorlter ltutt.
ArDsttotrg, Eamiltonf Danton (f968) .

eo@")
Brttl6tl

hstlgut€3)

1'
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Cape Bird

INTRODUCTION

A 15 km ice-free strip of land paralleling the coast at
Cape Bird borders the west flank of the mainly snow-covered
Mt Bird. Mt Bird, a basaltic shieLd voLcano, is circular in
pJ-an with an average slope of about 11 degrees, Cole and
Ewart (1.968) described the geology and mapped an alternating
bqsalt (basanite) -trachyte (phonolite) sequence (F+g. 3.11),
which was correlated wlth three formations erected by them at
Bl-ack Island. A fourth forrnation, the Trachyte Hill Formation,
was named after rocks at Cape Bird. As discussed abover the
correLation of these formations away from their type location
is incorrect, so the names are not used at Cape Bird in this
account. The use of the Trachyte HiLl Formation is also
dlscontinued.

AGE

Three R/Ar age determinations (Table 3.2i Fig. 3.Il)
range from 3.0 to 3,65 m.y. and agree with the inferred.
stratlgraphy of Cole and Ewart (l-958). An age of 4.5 m.y.
from Mt Blrd (Table 3.2) indicates a minimum age for cone
building.

PALEOMAGNETISM

PaLeomagnetic determinations identified one normal and
seven reversed sites (Appendix A ; Fig. 3.1L). Pyroxene
trachyte at ALexander Hill- ls reversed and 3,1-5t0.08 m.y. oId.
Within the one stand,ard deviation uncertainty of the age, the
reversed polarity agrees with the paLeomagnetic time scale of
McDougal.l and Aziz-ur-Rahman (L972), Polarity of the other
dated Lavas aLso agree with the paleomagnetic time scale
(Fig, 3.lL) .
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VOLCANIC GEOLOGY

The geology of Cape Bird consists of basalt* flows
erupted from the l"lain Mt Bird Cone and, later penetrated by
trachyte and basalt plugs and cones (Cole and Ewart, 1968).

Lavas of the Main Mt Bird Cone form a thick sequence of
fLows which are best exposed along coastal cliffs. The flows
vary from about 10 m to less than I m in thickness and
typically have yellow oxj.dised scoriaceous tops. Three rock
units were recognised (CoIe and Ewart, 1968), the youngest
an ollvLne-augite-plagiocLase basalt has a R/Ar age of 3.65
rllry. The oldest, a hornblende-augite-plagioclase basaltrhas
normal magnetic polarity and is older than 3.70 m.y. (fig. 3.11).

ALexander Hill consists of the eroded remnants of two
conplex trachyte-basalt cones in which Cole and Ewart (f968)
recognised four rock units (Fig. 3.11). Basalt is interbedded
in the trachyte with no evidence of lavas intermediate between
basalt and trachyte. Pyroxene trachyte is reversed and 3.15
il.y. old (Table 3.2i I.ig. 3.11).

Bright red scoriaceous olivine basalt, containing olivine
nodulesr was erupted at cinder Hirl. rt is overrain by brack
massive olivine basaLt flows, containing abund.ant olivine
nodules, these flows were probably erupted from each of the
ice-free areas (Cole and Ewart, 1968), Large crystals of gem-
quality olivine (peridot) are found associated. with these
lavas.

The final events at Cape Bird were the eruptions of
trachyte cones and plugs at rrachyte Hill and rnclusion Hill.
Trachyte HilI lavas are the youngest and have a K/Ar age of
3,0 m.y.

Terminology of Cole and Ewart
basalts are basanites and the
the classificatlon adopted in
is mainLy kaersutite.

is used here.
trachytes are
this thesis.

Analyses show the
phonolites, us5-ng

The hornblend,e



39.

CaPe Crozigr

INTRODUCTION

Cape Crozier borders the east flank of Mt Terror as an

ice-free area 10 km long. outcrop is distributed in a

triangular pattern with Cape Crozier the base and the summit

of Mt Terror the apex. Mt Terror is a basaltic shield, volcano,
roughJ.y circular in outline, with a slope of about 9 degrees.

cole et a7,, (L971) mapped Cape Crozier and described an

alternating basalt (basanite)-trachyte (phonolite) sequence

which was correlated wlth formations proposed by Cole and Ewart
(1968) at Black Island and Cape Bird. This correlation is no

J.onger valid,. K/Ar age determinations indicate the inferred
stratigraphy of CoLe et dL, t (1971) is aLso ln error.

AGE

Four X/er age determinations (Table 3,2i Fig. 3.I2)
range from 1.7 to 0.8 m.y, Topping Peak is L.7 m.!, old,
the oldest cone at Cape Crozier, while Post Office Hill and

The KnoLl are both very similar in a9€, I.31 and I-29 m.y.

respeetively. A basanite flow exposed in the coastal cliffs
is the youngest dated feature at 0.8 m.y.

VOLCAI{IC GEOLOGY

The geology of Cape crozier and the slopes of Mt Terror
consist predomJ.nantly of earS-y basaltic eruptions of lava and

pyroclastics which built up the shield volcano of Mt Terror.
This early basaltic material is well exposed in the coastal
cLiffs north of The Knoll (fig. 3.12). Later activity has

peppered the east flank of Mt Terror (and presrrmably the other
flanksr but these are snow covered) with small basaltic cones

and phonol-itic cones and p1ugs, the latter appear to have

formed by endogenous growth. The cones are too numerous to
d,eseribe individually and the area too great to map in detail.
Based on close-support helJ-copter reconnaissance the cones on
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FIGURE 3.12 Geological sketch nap of Cape Crozier. Geology and
stratigraphy revised from Cole et a7,, (197L) , K/Ar
age determinations from Armstrong (1975).
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the upper slopes of IvIt Terror have a similar geomorphic

appearance and are similar in rock type to the cones mapped

at Cape Crozier, The eruptive history of Cape Crozier is
therefore believed. to be representative of that of the flanks
of Mt Terror.

The steep coastal cliffs, best exposed north of The Kno1},
are olivine-augi.te basanite flows with interbedded volcanic
breccia and some tuffs, At the base of the cliffs the lavas
originate from the flanks of Mt Terrorr while these are often
overlain by younger flows and pyroclastics from small vents
at Cape Crozier, Rare dikes indicate local vents for some

of the J.avas.

Kaersutite phonolite lava from the summit of Topping Peak

is L.7 m.y. (Table 3.2i rig. 3.12) ; thus indicating a

minimum age for the coast,al basaltic lavas. On the east
flank of Topping Peak erosion has exposed a section of, from
the base upwards, olivine-augite basanite, trachybasalt,
pJ.agioclase trachybasalt and kaersutite phonolite (Fig. 3.13).
Although no chemical data is available, petrography indicates
the lavas are a differentiation sequence. Kaersutite phonolite
flows which mantle the summit and western flank of Topping

Peak are fed by at least four irregular dikes-
Post Office HiIt (402 rn) is a steep-sided kaersutite

phonolite cone, which probably formed by endogenous growth. It
has a K/Ar age of 1.31- m.y. (TabLe 3,2i Fig. 3.12) . Cole
et al. t (1971) recognised three main rock types on colour and

phenocryst varj-ations. Chemically the lavas are very similar
(see Table 7.9 and Chapter 7).

The KnoLL (372 rn) is another steeP-sided cone and is
composed of Pyroxene (aegirine-augite) phonolite. The lavas
at KyIe Peak are identical to those at The Knoll and were

probabl-y erupted at or about the same time. At KyIe Peakt

kaersutite basanite underlies the phonolite' while at The KnoII
two flows of olivine-augite basanite mantle and phonolite.
The KnoLl basanite flows were erupted from a small circular
crater near the sunlt.
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Kaersutite phonolite flows

Ibersutite phonolite dike

Trachybasalt irregular scoriaceous
flows and agglonerate

AggJ.omerate
Plagioclase hawaiite flow
Plagioclase hawaiite agglomerate
Kaersutite phonolite siII

Plagioclase hawaiite-thin
f,fqggy flows with interbediled.
.agglomerate and tuff

Plagioclase hawaiite, thl-n (0.1. n)
flow interbedded in agglourerate
Flow-banded'fine grained basanite with rare corroded
plagioclase phenocrysts. Irregrular scoriaceous
flows and pyroclastics

Olivine-augite-kaersutite basanite, mainly
scoriaceous blocky (0.05-0.5 n)
pyrocl.astics with lesser flows

Irregrul-ar oLivine-augite basanite flows with .

interbedded yellow agglomerate and fine tuffs
Kaersutite phonol-ite sill,
As above siII100

Base Scree Covered

FIGITRE 3,L3 Generalised geological section of the east flank
of ToppinE Peak, Cape Crozier.
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Olivine-augite basalt similar to that at The Knoll
appears to be the final eruptive product at Cape Crozier. It
forms a large strongly oxidised scoriaceous cone at Bomb Peak

. and numerous other outcrops j.n the Cape Crozier area (Fig. 3. L2l .

Hut Point Peninsula

INTRODUCTION

Hut Point Peninsula is about 20 km long and 2 to 4 km

wide. It consists of a series of en echelon lines of volcanic
cones that extend in a south-southwest direction from Mt Erebus
(Fjig. 3.I0). The cones are composed of basanite and basanitoid
l-avas with lesser amounts of hawaiite and phonoLite. Most of
the volcanic cones of Hut Point Peninsul-a are on the western
side of the peninsula where they constitute a well defined
Iineament. A subparallel, older and less well defined
lineament occurs to the east and is traceable from a point
just east of CastLe Rock to Cape Armitage (Fig. 3.14), The
youngest lLneament, however, is transverse, from Black Knob
through Twin Crater to Crater Hill, Wellman (1964) describes
it as a fault,

CoIe et a7. 7 (1971) and Kyle and Treves (f973) briefly
describe the geology of Hut Point Peninsula. This updates

r and expands those earlier reports, The results discussed below
nave been reported by Kyle and Treves (1974c).

CHRONOLOGY AND STRATTGRAPHY

The volcanic sequence at Hut, Point Peninsula is inferred
from geologic mapping, X/lr dates, paleomagnetism and geomorphic
evidence. The surface flows have been divided into five
informal seqluences. An earlier, preJ.iminary eruptive sequence
(Kyle and Treves, 1973) has been modified to accord with
anal.ytical data. K/Ar age determinations (Tab1e 3.21 indicate
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that the volcanic activity that built Hut Point Peninsula
occurred over a period ranging from 0.4 to more than 1.2 m.y.

ago.

Crater Hill sequence

The Crater Hill sequence is the oldest and consists of
oliVlne-augite basanlte, These lavas Show a moderate amount

of eroslon and are overlain by phonolite lavas of the
Observation Hill sequence at The Gap and at Cape Armitage
(Fig, 3,14) . Crater HitL lavas are normally polarised (Append.ix

A; Fig. 3.14). Since they are older than the reversed lavast
I.18 m.y. old at Observation Hill, they may have been erupted
during the Gil.sa Event (rlg. 3.15) .

Observation HiLL sequence

The observation HiIl sequence (Fig. 3.14) consists of
kaersutite phonolite and older nepheline benmoreite-nepheline
mugearite lavas. The latter have little surface expression
but are abund,ant subsurface. as shown by cores from DVDP

holes 2 and 3 (Kyle and Treves, L974al. A K/Ar age of 1.18 m.y.
(Table 3.21 for the phonolite is consistent with the reversed
magnetic polarity (Appendix A),

Castle Rock sequence

The Castle Rock sequence consists of olivine-augite
basanite hyaloclastite outcropping at Castle Rock and Boulder
Cones. A X/gr age of L.Lz m.y. (Table 3.21 was determined on

an oLivine-augite basanite dike at Castle Rock, which was

probably a feed.er at the time of the hyaloclastite formation.
Ityaloclastite at Boul-der Cones underlies the augite-kaersutite
basanlte at HaLf Moon Crater, and therefore must predate it.

Aeromagnetic surveys (McGinnis, L974 personal" communication)

Show Castle Rock as a positive anomaly Possibly indicating
eruptlon In time of normal polarity' This suggests eruption
in the Jaramillo Event (0.89 to 0.95 m.y, ago) r similar to
the Half Moon Crater sequence.
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Half Moon Crater sequence

Augite-kaersutite basanite from Half Moon Crater (F'ig.

3.16) has been K/Ar dated at 1.0 m.y. (Table 3.2, and' shows

normal magnetic polarity (appendix At Fig. 3.14). It is
suggested that the Half Moon Crater voLcanism occurred during
the Jaramillo Event (0,89 to 0.95 m.y') (Fig. 3.14).

T\pin Crater sequence

The Twln Crater sequence consists of the younger olivine-
augite basanite (Fig. 3.14) which shows little erosion and has

normal magnetlc polarity (Appendix A). Black Knob lavas are
0.43 n.y. (Table 3.21 and are probably the youngest volcanic
rocks of the area (Wellman, 1964). The paleomagnetic data
and the age determinations lnd,icate the rocks of this sequence

were erupted between 0,43 and 0.69 m.y. ago.

Paleomagnetic measurements (McMahon and Spall, L974a) and
petrographic examination (Treves and Ali I 1974) of D\IDP I core
show the normal.ly polarised olivine-augite basanite of fwin
Crater is onJ.y superficial and is underlain by reversally
polarised kaersutite bearing lavas.

Dry Valley Drilling Project Holes l' 2 and 3

Details of the geology and petrography of three holes
drilled at Hut Point Peninsula by the Dry Valley Drilling
Project (DVDP) (McGinnis et a7. t L972) are given elsewhere
(Treves and Kyle, L973a, 1973b; Kyle and Treves, L974at L974bi
Treves and ALi I L974; Kyle t L974al.

Erebus Centre

INTRODUCTION

The area which
Dellbridge IsLands

includes Mt

is referred
Enebus and its

to as the Erebus
flanks and the
centre. It is
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dominated by llt Erebus (Fig. 3,15) whieh rises to 3799* m.

Young flows with distinct Levees are welL exposed on the
steeper upper slopes of the volcano. Exposure around the
flanks of the volcano is limited and good outcrop is restricted.
to the coastal areas of Capes Royds, Barne and Evans and the
Turks Head area (nig. 3.15).

Lavas from the Erebus centre are distinctive with a

predominance of anorthocLase phonolite (kenyte) and porphyritic
plagioclase-rich lavas (nepheline hawaiite and nepheline
lnugearite) , Other l-ava types are rare. This contrasts with
the surrounding areas of Ross Island which are predominantly
olivine-augite basanites with minor kaersutite and pyroxene
phonolites (mineralogically unlike the anorthoclase phonolite
of Mt Erebus).

The oldest available R/Ar age determination for the centre
is 0.95 m.y. and it is likely that all activity from the centre
has taken place in the last 2.0 m,y. Mt Erebus is still active
and the summit crater contains a small lava lake.

AGE

Twelve K/Ar age determinations of Erebus centre lavas are
available (Tab1e 3.2). The oldest dated lavasr 0.8 and 0.94
$ry. are from Cape Barne. An age of 9.2 m,y. (Table 3.2 no. 15)

is considered unrealistic and in conflict with the ot$er two
dated sampLes above, There is no geomorphic or geological
evidence to support such an old age and it is therefore not
regarded as the time of crystall-ization of the lava.

Porphyritic plagioclase hawaiite flows at The Fang have
a nean age of A.'17 r.y., based on two determinations. This is
consLderably older than samples from the upper slopes of
Mt Erebus whLch are ali younger than 0.5 n.y. (Table 3,2r.

New
New

height determination
ZeaLand Department of

by .I. Rothery and
Lands and Surveyt

,J. Williams of
December L974,
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DELLBRIDGE ISLANDS

The field geology and physiography of the Dellbridge
Islands (Fig, 3,L5) is discussed in detail by Debenham (f923)
and summarised by Srnith (1954). Porphyritic andesine-bearing
nepheline hawaiite and nepheline mugearite lavas predominate,
although rare phonolite is al-so present. Anorthoclase phonoli.te
(kenyte) is absent in outcrop, although ice-rafted erratics d,o

occur.
Inaccessible Island, the most northerly in the group, is

composed of many lrregular flows that dip from 10o to 30o to
the north and northeast. These are weLl exposed in coastal
cliffs aLong the south side of the island, but the dip slope
on the northern side is scree covered. Agglomerate and

tuffs are the oldest exposed material and are also commonly

interbedded with flows. Highly irregular plugs of porphyritic
plagiocJ-ase hawaiite and mugearite intrude the flows at the
east end of the island. The basal lavas, about 60 m thick,
are flne grainedr of intermecliate and phonolitic OqS) composit.ion.
These are overlain by about 60 m of porphyritic andesine-rich
nepheline mugearlte (742') .

Tent IsJ.and (Fig. 3.15) is about I km south of Inaccessible
IsLand. The lower part of the island is composed mainly of
pyroclastics which are well exposed around the coast. Flows
of porphyritic andesine nepheline mugearite (747 | 748) | cap
the island and also are occasionally exposed along the coast.
The flows in general dip about l0o eastward, Along the east
side of the lsland there is good exposure which shows massive
unbedded aggJ.omerate and voLcanic breccia. Bombs and blocks
of porphyritic rnugearite averaging 0,2 to 0.4 m but occasional.ly
J-,5 m in diameterr are welded in a light, brown ash and J-apiJ.li
natrix,

Big and Little Razorback Islands appear to be part of the
same structure and probabJ.y represent part of a now eroded cone
(crater) that haC a centre to the east of the islands. On Little
Razorback Island 15 to 20 flows range from I to 5 m thick, each
flow is separated by a distinct, rubbly, scoriaceous zone. The
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flows dip to the northwest. weakry porphyritic andesine-
pyroxene (75Lt 752) and strongly porphyritic andesine
(753) intermediate rocks occur. Big Razorback is similar in
form to its smaller counterpart and is composed of numerous
thin flows of fine-grained nepheline mugearite (749, 750)
lavas, At the southrvestern end of the island a turret-shaped
intrusive body probabLy represents a vent. Most of the flows
on the island originate from the east.

Lavas from the Dellbridge rslands are of unknown age and
may represent the oldest vents in the Erebus centre. Certainly
they have been moderately eroded and their eruptive vents are
now below sea leveL, Because the islands are subject to marine
erosion an age of <2.0 mry. is inferred,. At cape Barne hawaiite
cones <1 m.y, in age are strongly eroded, indicating the
erosional power of the sea.

TURKS HEAD AND TRYGGVE POINT

These two distinct promontoriesr on the coast, south
southwest of Mt,Erebus (Fig, 3.15) are composed of hyaloclastite,
pillow breccia and paragonitic tuffs. Luckman (Lg74) described
the geology and believed the hyalocrastites are a product of
both submarine and subglacial eruption. porphyritic andesine-
rich nepherine hawaiite is the main rock type. The rocks are of
unknown age but are considered to be about the same age as the
Dellbridge Islands. Anorthoclase phonolite lavas from Mt Erebus
overlie the fryaloclastite at Turks Head.

CAPE EVANS

The geology of cape Evans (rig. 3.r5) has been described
by numerous early workers and is summarised by smith (1954).
Anorthoclase phonolite is the only rock seen in placer and forms
two frows which reach up to 15 m in thickness (Treves , L96z).
The flows originate from the direction of Mt Erebus, Numerous
erratics of a variety of volcanic rock types litter the surface
and form debris mounds iq. f-ront,of the Barne Glacier,:-iltf-'t' r'tit
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CAPE BARNE

Three smalL fine-grained hawaiite cones, K/At dated at
0,8t0.2 m.y, (Table 3.21 occur in a line along the south coast
at Cape Barne, The cones are of similar composition and

appear to have been erupted at about the same time. Erosion
has removed over haLf of the west cone, exposing the consolidated
central feeder vent, which now forms the striking Cape Barne
piJ-Iar. FLows wlthin the cone can be seen radiating out from
the pil.Iar, whlch is composed of volcanic breccia, massive

hawaiite and cut by seVeraL dikes, The cones themselves are
built of pyrocJ.astics; mainly volcanic breccia and, agglomerate,
with thin interbedded flows,

Two fJ.ow banded anorthoclase phonolite flowsr younger than
the basal! make up the remaining area of Cape Barne. The younger
flow has a K/er age of 0.9410.05 m.y. Locally the flows thicken
to over 20 m and appear to follow irregularities in the terrain,
that existed prior to their eruption. Where the flows have

traveLled, down valleys or depressions, well developed rad,ial
joint patterns occur (Fig. 3.16). From a distance the pattern
suggests a volcanic domerbut on closer inspectionr the flow
alignment of the large anorthoclase phenocrysts, and the
obvious lateral extent of the lava shows it originated as a flow.
The source of the flows is in the direction of l4L Erebus.

Above bap" Barne, about 250 m above sea Ievel, is a 5 m

high K-trachyte mound, Mt Cis. This sma1l outcrop has received
attention because it contains sandstone xenoliths (Thomson' l916)
believed to be of Beacon Supergroup sediment. The xenoliths
indicate down-faulted rocksr similar to those in the Trans-
antarctic Mountains, underlying Ross Island and McMurdo Sound.

The chemistry of Mt Cls K-trachyte is unusual in having very
low alkalis and high silica content in comparison to other
McMurdo Sound lavas, but this may be due in part to contamination
by the xenoliths.
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FIGURE 3,L6 Arptthoclase
of Deep Lake,

phonolite lava flow,
Cape Barne, showing

on the west side
radial joittt pattern.
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CAPE ROYDS

Three anorthoclase phonolite flows are exposed along the
coast at Cape Royds, The youngest flow is 0.6810.14 m.y.
(Tab1e 3.21 (Treves, L967) and therefore younger than the
floWs at Cape Barne, to the south. Early workers (summarised

by Smith, 1954) have d.escrlbed in detail the geology and rocks
at Cape Royds.

llany small outcrops above Cape Roydsr oll the slopes of
Mt Erebus have been described by earLy workers to be anorthoclase
phonoJ"ite cones, Most of the outcrops are in fact small debris
cones (resulting from glacial action) or lava flows from higher
up the mountain. No source for the flows at Cape Royd,s or
Cape Barne were found. Anorthoclase phonolite lava probably
has a hlgh vi.scosi.ty (ln the order of 104 to 105 poise), and

therefore are unlikely to flow for long distances down low
slopes. It is therefor6 difficult to imagine the thick flows
at Cape Royds and Cape Barne being erupted from the present
position of Mt Erebus, 20 km away. Wa1ker (1973) has however
suggested that provided, sufficiently large volumes of magma

are erupted, then high-fy viscous f lows can travel large distances.
Until further evidence is found it is assumed that the flows
along the coast of Mt Erebus were erupted from a vent that is
now overlain by the younger lavas of Mt Erebus'

MOT]NT EREBUS

Fang Ridge

Fang Ridge (the sunnitr called The Fang. is 3159 m above

sea level) is a prominant feature paralleling the northeast
sJ.ope of Mt Erebusr but separated from it by the Fang Glacier,
The north and northeast slopes have an average dip of over
45 degrees and are composed of scree and ribs of rubbl.y flows
and pyroclastics. The Fang Glacier side of the ridge has

steepr in places verticalr cliffs greater than 150 n in
height. Large, deep windscoops separate the glacier and ridge
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making access to the ridge difficult.
Fang Ridge is 4 km long and trends in a northwest-southeast

direction. It consists of thin bedded tuffs and' agglomerates

with scoriaceous flows and is intruded by thin (1-3 m) ramifying
dikes. The dikes are contemporaneous with the uPpermost flows
and probably acted as feeders. Irregularities in the bedding
of the tuffs and small (0.5 m) fauLted offsets seen in some

dikes suggest post-deposLtional consolidation and compaction.

The lavas are strongly porphyritic and commonly show good flow
banding of the andesl-ne phenocrysts. Chemically the lavas can

be classified as nepheline hawaiite and nepheLine mugearite.
Olivj.ne basalt has been reported (Smith I L954) from the lower
west end of Fang Ridge, but it was not found in the upper part
of the ridge.

Two samples have K/Ar ages of 0.73 and 0.81 m.y. (Table 3.21 r

in agreement wlth the sampJ-esr relative stratigraphic positions.
Debenham (L923) regard,ed Fang Ridge as a huge remnant

of the oldest crater rim of Mt Erebus. Certainly it represents
part of an old cone, most of which is either covered by the
younger flows of Mt Erebus or eroded awayr but it is more likely
that Fang Ridge was a vent on the side of a juvenile Mt Erebus.

The lavas of Fang Ridge are similar to those at Turks Head

and Tryggve Point, but more age determinations are required,
before any genetic comparisons can be drawn between the two

localities.

Lower Slopes

The slopes of Mt Erebus from 1800 m to the caldera rim at
about 3000 m are made up of numerous sinuous, irregular rubbly
anorthoclase phonol-ite fLows. They are 20 to 70 m wide and

usual.ly have weLl" devel.oped levees uP to 4 m highr which
clearly mark the path of the flow. CoLLapsed lava tunnels
are apparent in places. In most cases the flow itself is
covered J.n snow with only the levee remaining visible. Rarely
when the flows are seen their thickness is variable but they
usualJ.y have a glassy crust 0.2 m thick, underlain by very
scoriaceous or vesicular lava.
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A young flow on the north side of the upper slopes of
Mt Erebus has a K/ex age of 0.18 m.y. (Table 3.21 , which gives

an indication of the young age of most of the flows.
Mt Erebus has at least 5 small parasitic vents (excluding

the larger Fang Ridge), around its lower flanks. A few sma1l

cones atre seen low on the slopes of Fang Ridger these are

considered to be part of the Fang Ridge structure rather than

Mt Erebus. The 5 cones are Abbotts Peak, Hoopers Shoulder and

the Three Sister Cones (Fig' 3.15).
The Three Sister Cones are all less than 50 m in height and

extend in a southwest Line; each vent is separated by about

100 m. Hoopers Shoulder is very distinct as a black cone on the

West flank, rlsing about 100 m above the surrounding slopes.
ALI 4 vents are composed of bl-ack, glassy, porphyritic
anorthoclase phonollte which is extremely fresh in appearance

and obviously very much younger Lhan the l4t Erebus lavas. The

viscosity of the lava was so high that roPy flows I m thick,
have consolidated half way down the steep wal1s of Hoopers

ShouLder. There is no evidence of any explosive activity
assoclated with any of these vents. The flows forming the cones

are extremely irregular and roPy in appearance.

AbbottPeak(1793m)consistsofnephelinemugeariteflows
that mantle a cone which formed in the main by endogenous growth.

Summit Area

A 4 km wide caldera hrith its rim at about 3200 m (a.s.l.)
forms the summit area. The caldera rim is marked by a change in
slope from the steep upper flanks to a gently sloping summit'

plateau. Only rarely ls the caldera rim exposed. Younger

flows, small cones and the present active cone overlie the rim
to the south (Fig. 3.17). The summit plateau is mainly a

chaotic jumble of large sheets of anorthoclase phonolite flows
which shovr no flow orientation, and possibly formed as a skin
on laVa pools, Subsequent movement of the underlying magma

could account for their jumbled appearance and unusual

orientatlon. Fumerolic Lce towers and areas of warm ground are
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sqattered around the summit area (Lyon and Gipgenbach I L974).
The summit crater is elliptical - 500 n in diameter east-

west and -600 m north-south (rig. 3.18). A small dormant
crater (Side Crater, Fig. 3.18) on the south flank of the summit
crater is descrLbed by Beck (1965), The main Mt Erebus crater
floor ls - 160 m below the summitn and at the north end the
clrcular Inner Cratert -250 m in diameter, is a further-100 m

beLow the maLn crater floor. A northeast-southwest ridge
divldes the l-nner crater in half. In Decembert L974, a lava
J.ake fitled most of the north side of the inner crater. The

southern haLf was covered wlth snow, sublimates and large bombs

erupted from a -25 m wide vent (catled the Active Vent) on the
southeasC quadrant of the inner crater (Fig. 3.1"8). High
pressure and temperature fumaroles are confined to the southern
side of the inner crater. The main crater floor appears to be

a frozen lava lake. Collapse along semi-circular faults has
produced a 8 m scarp at the southern end of the floor.

The cone is built up of anorthoclase phonolite flows with
minor interbedded pyroclastics. Volcanic breccia mantles the
north and south crater rim.

Geologic History

The following is an attempt to reconstruct the history of
Mt Erebus. It is speculative and based mainly on observations
from the few outcrops described above and avaiLable K/Ar age

determinations.
1) The old,est events can only be inferred and must pred.ate

the 0.94 m.y. anorthoclase phonolite lavas at Cape Barne.
Seismic profiling (Northey et a7. , L975) has indicated a thick
sequence of Tertiary sediments in McMurdo Sound which underlie
Ross Island. DVDP holes 1 to 3 (Treves and KyIe, L973a1

KyIe and Treves, L974al have shown that eruptions about I m.y.
ago were subaerial, for at least 120 m below present sea levelt
and that these overLie a hyal-oclastite pedestal.

Therefore under Mt Erebus hyaloclastites sit on Late
Cenozoj.c sediments, these in turn are overlain by subaerial
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flows which extend from about I20 n below present sea level.

2) The oldest record.ed event is the eruption of thiek
flows of anorthoclase phonolite, 0.94 m.y. agot at Cape Barne.
The volume of lava requires a major vent and because of the
wide apron of the flows along the coast and their thickness,
it may have been a fissure eruption.

3) A volcano, the remnants of which now form Fang Ridge,
developed next, beginning prior to 0.81 o,y. and ceasing shortly
after 0.73 rl.|. ago. The formation of Fang Ridge is difficult
to determlne wlthout knowing the fuLl extent of this volcano.
Although Fang Glacier novr occupies a large part of where the
f,ormer volcano was situated, erosJ-on of the cone by ice is
unllkelyT because the frozen bases of polar glaciers have
little eroding power. Fang Volcano may therefore have collapsed
forming a caldera, of whLch Fang Ridge is a remnant r ot it may

have been blown apart by an eruption. The latter suggestion is
unlikely because of the lack of any tephra that would be
assoclated with such a large eruption. Fang Ridge is situated
high (2000 to 3000 m) on the fLank of Mt Erebus indicating that
by 0.8 rl.!. ago the wide lower flanks of Erebus were formed.

4) Eruptions of thick anorthoclase phonolite flows, which
contmenced eruption prior to 0.94 m.y. igor probably ceased with
the youngest flow' dated at 0.68 m,y.r dt Cape Royds. I{t Erebus
was continuing to grolr. Aeromagnetics (McGinnis et aI.t L974)
show Mt Erebus as a large positive anomaly, thus indicating a
high proportion of lavas younger than 0.69 m.y.

5) Erebus continued to grow during the Brunhes Norma1
PoLarity Epoch (<0.69 m.y,), building the upper part of the cone.
Flows were probably smaller and shorter and confined to the upper
slopes of the volcano.

6) A change in the style of volcanic activity began with
the formation of a summit cald,erar which filled with lava prior
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to 0.20 m.y. ?go, Small vents covered the south end of the
caldera rim and young flows, dated at 0 .2 m.y. 2 were extruded.
over the flanks of the o1d cone.

7l The present summit cone developed probably in the
last 0.1 m.y. or so. Parasitic cones, Iloopers Shoulder and
Three Sisters Cones were erupted during this period..

8) The latest recorded event was the formation of a
lava lake sometime between 1971 and November, L972 (Giggenbach
et al.t L973', i no dorrbt lava has been present at other times
in the last few thousand years (c.f. Ross I L847). rn December
L974 the lava lake had expanded in size and the associated
stronbolian eruptions were throwing bornbs onto the upper
slopes of the cone.

9) During the development of lvtt Erebus and Ross Islan{,
and probably still continuing, sr:bsidence due to isostatic
Ioading occurred, so forming a moat around the island (l{cGinnisr
1973; Northey et aI., 1975) .
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INTRODUCTION

Active volcanism in East Antarctica
occurs mainly in two regions: on Mount
Erebus, a constantly steaming volcano on
Ross Island, and on Mount Melbourne, in
Northern Victoria Land, where fumarolic
activity has been observed by Nathan and
Schulte (1967).

In the Southern Hemisphere during the
summers of 1972 and 1973, members of
the New Zealand Antarctic Research Pro-
gramme spent 2 wk camped near the sum-
mit (3,794 m) of Mount Erebus. This re-
port presents observations made then, and
later by one of us (P.R.K.) during other
visits.

PREVIOUS REPORTS

On January 27 , 1841, Sir James Ross
sighted the mountain and named it after
his ship Erebus. On the following day, he
reported that the volcano "was emitting
smoke and flame in great profusion," and
that a "bright red flame filled the mouth
of the crater: some of the officers believed
they coultl see streams of lava pouring
do wn it s sides" ( Ross, 1 847 ).

David and his party, in March 1908,
made the first ascent of Mount Erebus
(Shackleton, 1909; David and Priestley,
1909, l9l4), and observed three well{ike
steaming openings at the bottom of the
crater. Intermittent roaring noises from
the depths of the crater indicated strong
fumarolic activity (David and Priestley,
l9l4). Later in 1908, steam eruptions
were frequently observed from the expedi-
tion base at Cape Royds, 22 km from the
summit. Strong outbursts of ash and
steam, lit up from below by a bright-red
glow, were seen on June 14, 1908, indi-
cating that there was molten lava in the
crater at that time.

During David's second ascent, in Decem-
ber l9 I 2, the crater floor was obscured by
steam, but an eruption occurred while the
party was near the summit (Priestley, 1913,
1962). Blocks of pumiceous lava, contain-
ing Pele's hair, were tfuown up during the
loud explosions. No activity at all was ob-
served in January 1924, but dtuing Janu-
ary 1935, the crater was reported to show
the usual vapor plume (Berninghausen and
van Padang, 1960). Eruption of lava may
possibly have occured in 1947, also
(Hantke, l95l ).

A third ascent was made in January
1959, but Beck (1965), in describing the
summit regions, recorded no eruptions.
A glow, however, had been reported in
1957 and 1958 by observers in aircraft
(D. C. Thompson and G. Warren, personal
communs.); high temperatures were noted
by Burge and Parker (1969) after an aerial
infrared survey. No lava lake was observed
during two brief visits to the crater rim
on January 3 and 5, 1972; steam, how-
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Pres-e-nll/o I can ic Activity on

ever, prevented a complete view of the
inner crater. The fumarolic activity was
similar to that encountered in January
1973: strong hissing sounds were emitted
from unidentified vents within the inner
crater. Photos taken during the 1972
visits showed a small, dark band of ash
extending from the inner crater to the
southwest along the main crater floor,
indicating that explosive activity was oc-
curring at that time.

GENERAL DESCRIPTION OF
SUMMIT AREA

Mount Erebus, the most active volcano
on the Antarctic continent, is the largest
of the four volcanic cones that form Ross
Island (Fig. l). Reports of the elevation
of the highest point on Mount Erebus,
located on the southeast part of the main
crater rim, are conflicting. A height of
3,794 m for the summit, as reported by
Waren ( 1969), is adopted here.

The cone, which is now active. rises
200 to 300 m above the southern half of
the summit plateau, bordered by the rinr
of a filled-in older crater or caldera (Fig.
2). The height of the relatively even and
almost circular main crater rim varies be-
tween 3,720 and 3.794 m: the diameter
is 500 to 600 m. The floor of the main
crater lies - 150 m below the summit and
probably represents the surface of a fro-
zen lava lake. Withdrawal of the lava col-
umn feeding this lake is presumed to have
caused the semicircular fault that dissects
the main crater floor (Beck, 1965). Fur-
ther collapse caused the formation of the
cylindrical pit of the inner crater, - 100 m
below the main crater floor and -200 nr
in diameter (Fig. 2). ln the top third of
the vertical. and, in places, overhanging
wall of the inner crater, the solidified
layers of the old lava lake are exposed.
An east-west ridge, studded with fuma-
rolic vents. divides the floor of the inner
crater into two distinct parts, with most
of the activity concentrated in the north-
ern half, at the foot of the main crater
wall; only a few weak fumaroles are scat-
tered over the snow-covered southern
half.

The predominant rock type on Mount
Erebus, and the only one outcropping in
the summit area, is anorthoclase phono-
lite (Antarctic kenyte; see Smith, 1954).
It is characterized by large (up to l0 cm

Werner F. Giggenbach
Chemistry Division,

Dept. Scientific and Industrial Research,

Well ington, New Zealand

Philip R. Kyle
Victoria University,

Wel lington. New Zealand

ano

Graeme L. Lyon
Institute of Nuclear Sciences,

Dept. Scientific and Industrial Besearch,

Wel I ington, New Zealand

long) anorthoclase phenocrysts in a gen-
erally glassy groundmass containing
microphenocrysts of olivi-ne, augite,
opaques, and occasional incipient nephe-
line.

K-Ar ages (Treves, 1967; R. L. Arm-
strong, personal commun.) indicate that
Mount Erebus and lavas originating from
it have been erupted from I to (0. l5
m.y. ago. No age determinations have
been made for lavas from the youngest
craters, but these are probably younger
than 0.15 m.y. Aeromagnetic studies
(McGinnis and Montgomery, 1972) show
Mount Erebus as a single, broad, positive
magnetic anomaly of 5,000 7, indicating
formation of the main cone in a period

1?6



Figure 2. General view of summit area of
Mount Erebus" (Photograph provided by the
U.S. Navy.)

of normal magnetic polarity which K-Ar
ages show to be the Brunhes period which
began 0.69 m.y. ago (Cox, 1969).

PRESENT VOLCANIC ACTIVITY
Thermal activity outside the inner

crater consists exclusively of gentle
emission of steam fronr patches of warm
ground or funrarolic ice towers; high-
temperature activity is restricted to the
northern half of the inner crater, wherc
incandescent material was observed in at
least four areas. A pernranent glow was
emitted from roughly circular vents on
several hornito-type cones with diameters
of 2 to 3 nr, in the broken crust of what
appeared to be a partly frozen lava lake,
and an intermittent glow came from two
active lava pools 20 to 30 m in diameter.
During frequently observed quiet erup-
tions from these pools, the highly viscous
gray sr.uface material started to bulge be-
fore breaking and exposing the under-
lying bright-orange melt ; this activity
was accompanied by faint splattering and
puffirg noises. Thereafter, the gtowing
gap closed again, with a deep furrow
marking the location of the event. An
intermittently audible strong hissing
noise could not definitely be associated
with any of the features observed.

In contrast to the quiet eruptions.
only I of the 35 explosive eruptions
heard during the 2-wk period was wit-
nessed from the crater rim; steam, how-
ever, precluded direct observations. The
time of -6 sec taken by the ejected
material to hit the ground indicated that
the height reached by the ejecta was
-50 m. More violent eruptions, however,
are indicated by fresh volcanic bombs
around the main crater rim, -250 m
above the lava pools. These bombs range
in diameter from several tens of centi-
meters to -2 m. One such spindle-shaped
bomb had a diameter of -0.8 m and was
- 1.5 m long. lt disintegrated after an
attempt to move it and revealed a hollow,
black interior partly filled with Pele's hair:
the outer shell consisted of a vesicular,
glassy matrix, embedding the ubiquitous
anorthoclase crystals. The relatively small
number of bombs found outside the main
crater rim or detectable by use of bino-
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culars on the floors of the main and inner
craters suggest that not much material is
ejected during these eruptions. Snow on
the floor of the southern half of the inner
crater indioates low ground temperatures,
and only a few relatively mild fumaroles
are scattered over this part.

On February 4,1973, however, an
eruption considerably stronger than those
observed during December and January
occurred in the southern part of the inner
crater; it lasted for -45 sec and sent ash
and debris up to the floor of the main
craler.

A very strong roaring noise developed
for - l0 sec, during which the inner crater
filled with steam; it was followed by the
emission of a black, ash-charged cloud
from a snrall vent on the eastern wall of
the inner crater. Several large blocks
landed on the floor of the main crater.
They did not appear to be molten lava,
but rather secondary material derived
from the vent or vent wall. The ash cloud
continued to grow for -30 sec, while the
loud roaring noise persisted. The cloud
reached a height of - I 50 to 200 m above
the vent. Judging from the trajectory of
the blocks and the direction the ash cloud
was emitted. the vent must have been in-
clined and could be dipping at 70o or less
to the east.

During this visit, the red-hot fumarolic
vents and the lava pools were in a state
very similar to that observed a month
earlier; thus, the eruption witnessed in
February does not appear to have affected
the activity in the northern part of the
inner crater. The loud, continuous roaring
noise of this eruption was in strong con-
trast to the short, sharp bangs associated
with the eruptions observed earlier. It
seems probable that the February erup-
tion represents a vent-clearing process,
resulting from a gas build-up at depth due
to blockage of conduits feeding the south-
ern part of the inner crater.

Figure 3 shows frequency and duration
(in sec) of the explosive Strombolian-type
eruptions heard during the Z-wk observa-
tional period. During the first week, the
average interval between eruptions was
6 hr: thereafter, the average time between
eruptions increased to I 6 hr, and the
average duration decreased from -3 sec
to 2 sec. Seismographic and barometric
recordings taken 40 km away, at Scott
Base, did not indicate any event that
could be associated with activity on
Mount Erebus, nor did there appear to
be any correlation between eruptive fre-
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quency and barometric pressure.
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Volcanic Activity of Mount Erebus,
Antarctica, November L973.

PhiJ.ip R. Ky1e,
Antarctic Research Centre,
Department of Geology,
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WeJ.llngton.

Abstract

The anorthocLase phonolite (kenyte) lava lake, first
observed Ln Mt Erebus in December L972, has grown in size.
on November J-J., L973, a flow 20 m by 4 m was seen feeding the
Iava Lake from a vent on the east slde of the crater. Strombolian
eruptions continue wLth an increase in duration but a similar
frequency to Lg72/73 observations,

Introduction

Mt Erebus (3794 m) is the largest of four volcanoes forming
Ross rsLand,. The summlt crater of Mt Erebus is sLightry
elliptical -500 m in diameter east-west and -600 m north-south.
The main crater floor is -160 m below the summit. crear
conditions on November 11, L973, allowed an excellent view of
the inner crater, which is usuarl-y filLed with vapour. The
inner crater, which is -250 m in diameter and -r00 m deep, is
situated at the north end of the main crater and appears to be
the result of corlapse. An east-west ridge with a few weak
fumaroles dotted along it, divides the inner crater in half,,
The southern harf is snow-covered and reLatively inactive,
although it contains severaL high presstrre fumaroles and
numerous weak fumaroles. Lava and the rnajority of the activity
is conflned to the northern (active) half of the inner crater.
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This report discusses observations made on November lI,
L973, by the author and Dr S. B. Treves (University of Nebraska)

and during the following fortnight by the author.

Activity,

Major eruptions of Mt Erebus were witnessed by Sir ilames

Ross in 1841 (Ross, L847) and 1908 and L}LZ by members of
ShackLetonts and Scottrs expedition respectively (Shackleton,

L909; Priestleyf 1913). Summaries of other previous activity
are given by Berni.nghausen and van Padang (1960) and

Giggenbach et ar r r (1973) .

Giggenbach et aI.1 (1973) reported the first observations
of a lava lake in the Mt Erebus crater. During observations from
December 24, L972 to January 6, L973 frequent small Strombolian-
type eruptions were heard, The eruptions of t-5 seconds d,uration,
occurred about every 6 hours during the first week and then
about every 16 hours in the second week (Fig. 1). An ash

eruption from a fumarole vent on the south side of the inner
crater lasting 45 secondsT wtts witnessed by the author on

February 4t L973 (Treves and KyIe I L973).
On November l-L t L973 viscous lava was observed flowing

from a small vent about 0.5 to I m in diameter on the eastern
side of the active half of the inner crater. A small flow 15

to 20 rn long with a maximum width of 3 to 4 m moved slowly
(1 to 2 m per minute) west for 5 m then swung northwest r:ntil
it entered a convecting lava lake 40 m in diameter, Solidified
light greenish-grey lava partial-ly covered the surface of the
fLow and formed a thin skin on the lava Lake. The toe of the
flow was solldified ropy lava which formed a well-defined flow
pattern, Concentric ropy fLow llnes were common in Lhe lava l-ake.
Periodical-l-y the thin skin on the convecting lava lake woul-d

upvteLl and break revealing the underlying molten lava.
On the northwest side of the inner crater a few glimpses

were made of a smalL 25 to 30 m consolidated lava Laket

surrounded by areas of fresh consolidated lava. The area of
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of the lava lakes has increased significantly since L972/73

and the crater floor has risen drowning the small hornj-tos

and the lava lake described by Giggenbach et a7., (1973).

strombolian erupt,ions similar to those reported in
Lg72/73 were continuing in November L973. The duration of
the eruptions had noticeabLy increased while the frequency

I^tas variable (fig. L). No direct observations of the inner
crater during an eruption were made. Giggenbach et a7.t
(1973) recorded ejected material hit the ground 6 seconds

after an eruption indicating an eruption height of 50 m' but
again no direct observations were made. On November 2L,

1973 the inner crater was observed from the south end of the
main crater rim, durlng a 5 second eruption. No material was

seen to be ejected above the inner crater rim, and there was

only a very sJ.ight increase in vapour emission. At other
times rapid increases in vapour (weak steam eruptions) occurred

without any noticeable eruptive sound-

From November 13 to L5, L973 a hear4l snowfall covered the

main crater and southern inner crater floors and' walls with
fresh snow. Observations on NoVember tg showed no volcanic
ejecta covered the fresh snow, Only a fumarole vent in the
southwest sector of the inner crater had a 20 by I0 m patch

of tephra covering the snow on the crater waII above the Vent.

The vent was the same one from which the author witnessed a

45 second ash eruptLon in February 1973 (Treves and Kylet 1973).

It is likely the 25 second. eruption on November L7 occurred from

the fumarole and deposited the tephra. The lack of any ejected
materiaL (apart from around the fumarole) suggests the eruptions
possibly are the resuLt of mild degassing of the lava laket
however until d.irect observations of an eruption are made no

posltive conclusions can be reached.
Gas activity was similar to previous visits. Irregularly

a Loud hissing soundr 4s if high pressure gas was being ejectedt
built up over 5 to lO seconds then persisted, for 20 to 50

seconds before dying down. l"lost of the sound seemed to come

from fumaroles in the inactive or southern haLf of the inner
crater and from unidentified sources ln the extreme West of
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of the active area. No obvious increase in gas accompanied
the sound. Strong fumaroles were identified only in the inactive
side of the inner crater.

In September 1974 several ash eruptions were recorded and
red glows seen in the night sky above Mt Erebus by Scott Base
personnel, indicating the continued presence of the lava lake.

Discussion

The activity of Mt Erebus appears to have increased since
the initial observations of a Lava Lake in December L972. The
proven existence of the lava Lake for one year and the indication
that in September L974 it stilL continues, makes Mt Erebus one
of onLy three volcanoes with a permanent lava lake.

Observations and an attempt to sampl-e the lava and gases
are pJ.anned for December L97 4 .
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Discussion

The description of the Erebus volcanic province has

been limited to Ross Island. Other areas have been visited
and. any generalisations are based on observations made through-
out the McMurdo Sound area.

on Ross Island the geology of the three areas Mount

Bird, Mounts Terra Nova and Terror and Hut Point Peninsula,
which surround Mt Erebus are simitar. Each is dominated by

basattic lavas with minor phonolitic cones. At Mt Bird,
Mt Terror and Mt Terra Nova, large basaltic shield volcanoes

have been built, then an alternating sequence of basaltic and

phonolitic cones were erupted on the flanks. Hut Point Peninsula
consists of a series of basaltic cones, with only one phonolitic
cone.

The lavas of the Erebus centre are very distinct and

consist predominantly of intermediate and phonolitic lavas-
Anorthoclase phonolite was erupted only from Mt Erebus and

small cones around its flanks. Porphyritic plagioclase rich
intermediate lavas are very cornmon in the ErebuS centre.
Although this type of lava does occur throughout the Erebus

volcanic province it seems to be abundant only at lvlt Discovery
and Mt Erebus.

A similar distribution of mainly basaltic lavas
surrounding a centre of predominantly phonolitic lavas may

occur at lvlt Discovery, Mt Morning is a large basaltic shield
volcano with only minor phonolitic cones, but abundant young

basaltic cones occur around its flanks. At Brown Peninsula and

Minna Bluff similarly, there are mainly basaltic cones with
lesser intermediate and phonolitic lavas. Mt Discovery, dt
least in the upper part of the cone, is comPosed mainly of
plagioclase-rich intermedj.ate and phonolitic lavas.
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Volcanic Evidence Bearing cn GIaciaI Eventq

K/AT AGE DATES

Thr:oughout the }lcMurclo Sound area there is litt1e evj-clence

of eruptions occurring at times of increased ice or sliovJ cover"

If subglacial eruptions occurred the likely erupt'ive products

wouJd be hyaloclastite (sec below) as at castle Rock, furks

Hea.d and Tryggve Point. Flowever the abundance of erratics at
various heights around Ross Island and other volcanic centres

show the Ross Ice Shelf has in the past been at least 800 m

higher (Vella, 1969) ; assuming no isostatic or tectonic uplift'
Many dated samp3-es are from subaerial flows and cones (Table

3.2) collected from near liea leVel, and these therefore
.i-nd:-cate times w'hen these locations \fere ice-f ree. r'rt these

tirnes the Ross Ice Shelf could not have been in an expanded'

state. Figure 3.19 shows the frequency of dat.ed roclcs erupted
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in a subaerial environment below the level of known ice-rafted
erratics (i.e. below the level of previous major ice cover).
The height. of the samples above sea level is shown. The only
dated sample indicative of a subglacial eruption is from
Castle Rock (see bqlow) which is L,L2!0.4 m.y. Based on
Figure 3.19 any major expansion of the Ross fce Shelf was

unlikely to be longer than 0,2 to 0.3 m,y., and in the last
million years must have been even shorter.

ANORTHOCLASE PHONOLITE ERRATICS

Anorthoclase phonolite (kenyte) erratics and moraines
occur over a wide area of McMurdo Sound, including BJ.ack Island
and Brown Peninsula (Vella. 1969), Koettlitz Glacier (B1ank

et af, r 1963) and the Lower Taylor Valley. The only known
vents for these very characteristic lavas are on Mt Erebus.
Lavas from Cape Barne are 0.94 rl,1r . (Table 3.21 t the oldest
K/et ages for the Erebus centre. and it would seem that
anorthoclase phonolite lavas from l'lt Erebus are unlikely to
be older than about J..5 m.y. This puts an upper age limit on
the moraines and places constraints on the direction of ice
moyement. Ar anorthoclase phonolite erratic from the Lower
Taylor Val1ey has been dated at 1.54t0.3 m.y. (Table 3.3)r
which ls in agreement with the age limits suggested above,

HYALOCLASTITE

HyalocLastite is generall"y considered to form in a

subaqueous environment, either submarine or sr:bglacial. and
therefore can be used to indicate former sea or ice levels, In
the Hall-ett volcanic provLnce, Hamilton 1L972') has described
and discussed extensl-ve deposits of hyaLoclastite which he
considers are subglacial. Wtthin the Erebus volcanic province,
hyal.ocl"astite is found at Cast1e Rock, BouJ.der Cones, Turks
Head area, DVDP hol-es L to 3 and Minna Bluff (Hamilton, L9721 .

Castle Rock is composed of poorly bedded hyaloclastite
and the turret shape resembles tabLe mountains (al.though
smaLler in dimensions) tn lceland that are subglacially formed.
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If it is assumed that no large amount of isostatic uplift
occurred (in fact Ross Island appears to be sinking due to
crustal loading), the 413 m elevation of Castle Rock, the
shape and the lithology all suggest a subglacial origin-
An olivine-augite basanite dike which probably fed lava to
the ice contact zone where the hyaloclastite was forming has

a KrlAr age of L.1210.4 ilt.!. (TabLe 3.2) . Castle Rock is
therefore evidence of an expanded Ross Ice Shelf 1.12 m.y.
dgor which was at least 400 m thicker than at present. This
period of glaciation could correlate with invasions of the
Taylor and./or Wright Valleys by the Ross Ice She1f. Calkin
and BuIl (L972) suggest that the Pecten Glaciation of the
Wright Val-ley was between 0.8 and 1.2 m,y. although indirect
evidence suggests the Pecten Glaciation may be ol-der than
3 m.y. (Webb I L972; Mcsaveney and McSaveney I L972).

Further studies, particularly radiometric dating of the
includ,ed clasts wlthin hyaloclastites of the McMurdo Sound areat
may help delineate the gJ-acial history of the region.
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CHAPTER T'OUR

PETROGRAPHY

Nomenclature

The nomenclature of a1kali rocks is confusing and subject
to consid,erabLe debate; in addition, many of the different
rock types are rare and restricted to a few localitLes (Sorensent

J,974r' Johannsen, 1939). Classification based on modal

compositions (Streckeisen I L967J is difficult for many reasonsf

the most obvious being the fine-grained or gLassy nature of
many volcanic rocks, Consequently many recent classifications
haVe been based on whole-rock chemical analyses and CIPW

normative mineralogy. -

In their study of rocks from the East otago volcanic
Province of New Zealand, Coombs and Wilkinson (1969) examined

the J-ineages and fractionation trends, and the associated lava
nomenclature in alkaLi volcanic rocks. Lavas were classified
on their chernical and modal compositions and normative
mineralogy. The. scheme used in thls thesis, follows Coombs

and Wilkinson (1969) wtth minor a],terations suggested by Price
(1973), Fie}d and thin section nomenclature, when chemical
analyses are not avallable, are discussed below.

ALkaLi volcanic rocks are divided into sodic and potassic
series, the former being classicaLly rePresented by Hawaiian

and Hebridean Lavas and the latter by Tristan de Cunha and

Gough Island lavas. Division into the two series is subjective.
Price (1973) and rrvLne and, Baragar (f971) used the normative
orthoclase content whereas Macdonald (1960) and Macd'onald and

Katsura (L964) used a NarOr/KrO ratio of 2' In strongly
undersaturated lavas, Coombs and WiLkinson (1969) noted several
difficulties with the NarO/KZO ratio; such as the tendency of
Lava series to show a decreasing NaZO/KZO ratio with differen-
tiatj.on. In this scheme the basaltic Lavas would belong to a

sodic series whereas the rocks with a high differentiation



index (benmoreites, tristanites, trachytes) would be potassic.
Notwithstanding this and other difficurties mentioned by
coombs and wilkinson (1959), the division based on a Naro/Kro
ratio has been found convenient in this study. when the bulk
of the ravas from any one region have a Na2o/Kro ratio of 72,
then alr the lavas are referred to the sodic series, even if
some individuaL rocks have an alkali ratio of <Zt and
conversely, rocks are referred to the potassic series if the
buLk of the lavas have Naro/Kro <2. once assigned to either
the sodlc or potassic series the appropriate nomencrature
(Table 4.1 and Flg. 4,1) may be applied.

TABLE 4.1' Nomenclature, based on no::rnative mineralogy, used to
describe rocks of the McMurdo Volcanic Group.

norrqatLve HH,
D.I. - DLf,ferentiation Index (Thornton and Tuttle, 1960).
Q - nonuatJ.ve quartz, Ac - normatlve acmLte.

Mineralogical preflxes are used, to distlnguish some rock types, the phonolites
in particqlar have been classifled as anorthoclase phonol-lte (equivalent
to the kenyte lavas of the Erebus centre), pyroxene phonolite (for
aegirlne-augite bearlng phonolites) and kaersutite phonolite.

An
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Ne - normative nephelLne.

Sodlc Series Potassic Series Features and Comments

alkaLi basalt
basanl.te
basanitoid

aLkal"i K-basalt
K-basanite

An >50, Ne <5

An >50, Ne >5
Used synonlmously wi-th
basanite (see text)

hawaiLte
nepheline hawaLite

trachyandesLte
nepheline trachyandesite
quartz trachyandeslte

An=30-50r Ne <10
An=30-50, Ne >10
An=30-50r Q>0, D.I. <65

nugearite
nepheline mugearite

trachyandesite
nephellne trachyandeslte

An=10-3Or Ne <10, D.I. <65
An=10-30r Ne >10, D.r. <65

bennprelte
nephelLne bennoreite

tristanite
nephell.ne tristanite
quartz tristanite

D.I.=65-75, Ne <I0
D.I.=65-75, Ne >10
D.I.=65-75,9>O

trachyte
phonoLite

K-trachyte
phonolite
guartz K-trachyte
peralkaLine K-trachyte

D.I. >75, Ne <J.0
D.I. >75, Ne >10
D.r. >75, g>O, Q>Ac
D.I. >75, Ac>Or Ac)Q, Ac>Ne

-
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Several points to note in the classification are the

absence of the term ttrachybasaltr and its replacement by
rK-basaltt; and the use of qualifiers, based on phenocryst

abundances, in the phonolites (Table 4.I). The terms basanite
(mod.al nepheline present) and basanitoid (no modaL nepheline)
are used synonymouslyr &s nepheline is not usually detected in
routine thln section examination but is often found to be

present, particuLarly in the groundmassr by staining, electron
microprobe or x-ray diffraction studies'

The use of the term rkenyter to describe the Mt Erebus

J.avas has been discussed by Smith (1954) and Treves (L9621.

At Mt Kenya (Afrtca) , the type local-ity for kenyte, the lavas
contain nePheline phenocrysts; but because it is absent in the

Mt Erebus kenyte lavas, Smith (L954) recornmended naming them

Antarctic kenyte. Boud.ette and Ford (1966) and Treves (L9621

],967) use the less specific names anorthoclase trachyte or
anorthoclase phonolite and thls nomenclature is followed in
thls thesis. It shoul-d be noted however that kenyte is so

strongl"y entrenched that it remains in use as a field term and

in general descriptive studies.
Throughout this study, the term rintermediater has been

used to colLectLvely refer to all rocks of composition between

basalt and trachyte,/phonollte, that is rocks classified as

hawaiite, mugearite, benmoreite, trachyandesite and tristanite
and their saturated or strongly undersaturated equivalents.

Field and Thin Section Nomen-clature

In the field the rocks vtere divided into dark or light
coloured and caLled basalt and trachyter resPectively. These

names were then prefixed, in order of abundance, by the main

phenocryst phases (e.g. olivine-augite-hornblende basalt;
hornblende trachyte). Tiris scheme was also followed in
describing thin sections, when no chemical analyses were

avaiJ.able, and has been used extensively by CoIe and Ewart

\

\
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(f968) , Cole et a7. t (1971) I Treves and Kyle (I973a) and KyIe
and Treves (1974a). When modal feldspar determinations were

made, further refinements ln the nomenclature were possibJ-e

(TabLe 4.2). Rocks described in hand specimen as basalts, were

on anal-ysis found to range from basanite to benmoreite.
An attempt was made to use d.ifferent nomenclature for

samples which are described only in thin section and,/or hand

specimenr so as to dlstinguLsh them in the text from the
analysed samples. The use of basalt, trachybasalt and kenyte
(Table 4,21 were useful ln this respect. There is dual usage

of trachyte' but as it was found that the analysed rtrachyticr
IaVas are almost all phonoLites or K-trachytesr the name

f trachyter genera}l-y denotes sampJ-es described in thin section
and,/or hand specimenr

TABI,E 4.2.

basalt

Fleld and thl-n section nomenclature'

trachybasalt

trachyte

kenyte

Dark coloured fbasalticr rocks containing olivinet
augite, kaersutite and plagioclase. Thin sections

found to contain nodal labradorite.
P.ocks fowrd from thin section to contain modal

andeslne or oligoclase.
Llght coloured rtrachyticr rocks' with alkali
feldspar > plagioclase Ln thLn section.
Fielcl name used for all porphyritic anorthoclase

phonolite and anorttroclase trachyte lavas from

Mt Erebus.

CIPW Norm Calculations

CIPW vteight percent norms are given for whoLe rock
analyses in Chapter 7. Where the iron oxidation state is not
determined, norms have been calculated with standard values
of Fero3r uslng the convention of Thompson et a7,t (L972):
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L) ts.here Naro + K2o 1 Aeor F"zo3 = 1.504.
2l where NarO t KrO = 4-7Zr FerOa= 2.008.
3) where NarO + K2O > 7*r FerO, = 2.508.

The differentiation lndex (D.I,) of Thornton and Tuttle (1960) =
normative QtAb+Or*Ne*Lc.

Descriptive Petrography

Introductlon

Excellent petrographic descrlptions of McMurdo Volcanic
Group rocks, made by previous workers, have provid,ed, a useful
background to thls mineraloglcal and geochemicaL study, and
only brief additlonal d.escriptions are given in this thesis.

Phenocrysts are defined as any mineral. grain whose
maximum dimension exceeds J. mm, microphenocrysts are less than
I mm but are larger than mineral grains in the groundmass.

BplLeny volcanic province

The onJ.y published petrographic stuclies are given by
Mawson (1950) , who described lL thin sections, mainly of olivj.ne
trachybasal-t and mLnor olivine-augite basalts.

Samples examined ln this study are olivine and olivine-
augite basalts (basanites) and a trachybasalt sirn:ilar to that
described by Mawson (1950).

Olivine-basanite
Usual.ly contains euhedral, seriate phenocrysts and

mlcrophenocrysts of ol"l-vinei commonly ernbayed and showing
brown iddingsite alteration around the rin and along cracks,
The fine-gralned j.ntergranular groundmass contains labradorite,
oLLvine, pinkJ.sh tLtanaugite, opaques and mLnor glass which
rnay be chloritized(?) .
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Olivine-augite basanite
Typically porphyritic containing varying anounts of

seriate olivine and auglte phenocrysts and microphenoctrysts.
Rare auglte phenocrysts (up to I0 mm) are rounded and may be
partially oxidisedi together with a few oxidised kaersutite
phenocrysts. Pinkish tltanauglte phenocrysts are euhedral
wtth weak zoning and have red-brown chrome splnel inclusions.
Ol.ivine ls colourLess and often a LlttLe ragged around the
edges. The weakly intergranular ground.mass contains Labradorite
Iaths, augite, cubic opaques and minor glass.

Melbourne volcanic province

Lavas at most centres are adequately described by
previous workers, however a wide range of rock types at The

Pleiades has been reveaLed Ln this study and these are briefly
d.escribed betow. Nathan and SchuLte (L967, 1968) have described
the lavas from Mt Melbouxne, Mt Overlord and the small volcanie
centres of the LocaL suite; Watters (in Gair I L9671 has

described lavas and plutonic inclusions from Mt Overlord.

THE PLEIADES

Basanite
Usually vesicular, with some flow banding and only weakly

porphyritic with a few serLate phenocrysts and microphenocrysts
of augite (domtnant.) and olivine (rare). Augite is tight brownt
euhedral-, weakly zoned (occasional.J.y sector zoned) and rarely
embayed. Microphenocrysts may form glomeroporphyritic clumps
up to 0,4 mm in diameter. Olivine phenocrysts are euhedral and

colourLess. Microphenocrysts of magnetite and xenocrysts (1 nm)

of strongly altered plagioclase are rareLy noted. The groundmass

is varlable but typicalLy dense and intersertal and chafged
with minute opaque grai.ns. Labradorite l-aths (<0.1 mrn long) 7

rare olLvine, stubby augite and opaques are the maln. ground,mass

phases,
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Nepheline hawaiite

Strongly vesicular and microporphyritic, wj.th
microphenocrysts of subhedral brown kaersutite which commonl.y
has a sieve margin studded with minute opagues; compJ-etely
oxidised, pseudomorphs are rare. Inclusj.ons of apatite occur in
the larger microphenocrysts. Some kaersutite grains have dark
brown, rounded cores otherwise zoning is minimaL. The groundmass
Is vl"trophyric with kaersutJ.te, srightly pink augite, plagiocl-ase
nicrolites and opaques.

Nepheline mugearite

Usually only weakJ.y porphyritic with oxidised pseudonorphs
(3 run long) after kaersutite and rare phenocrysts (xenocrysts?)
of skeletal magnetite. Kaersutite microphenocrysts are pleochroic
from J.ight to reddlsh brown and show varying degrees of alteration
f,rom about hal.f to completei alteration products consist mainly
of pyroxener pLagloc1ase, magnetite and a very dark brown to
opaque minerar not positively ldent,ified but possibly rh6nite.
The hyalophitic Aroundmass has brown glass with taths and
microlites of pJ-agioclase (oligoclase?), magnetite, augite and
mlnor olivine with brown a].teration rims.

Nepheline benmoreite

Fine-grained with a pllotaxitic to trachytic texture,
t\"y rnay be mJ.croporphyritic with rare fresh-oxidised micro-
phenocrysts of kaersutite, pinkish and brownish euhedral
augite (often sector zoned), magnetite and alkali feld,spar.
The groundmass consists of Lnterlocking laths of anorthoclase
and sanidine, ragged greenJ.sh ferroaugite, magnetite, rare
fayalitlc olJ.vlne and glass.

Trachyandesite

Porphyritic with seriater euhedral phenocrysts of olivine
and augite, and corroded, al.tered xenocrysts (?) of andesine-
labradorLte. Rare microphenocrysts of kaersutite occur and in
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one sllde appear to be xenocFystlc, The pilotaxitic to
hyalophitic aroundmass contains andesine microlites, olivine,
augite, magnetite and accessory apatite. Hematite occurs in
the groundmass of an oxidLsed sampLe.

Tristanite
Mainly microporphyritic wLth rare phenocrysts, although

a strongly porphyritic samp3-e contains seriate phenocrysts of
andesine, slightly pink augite and oLivine. Glomeroporphyritic
clumps of plagioclase wlth included olLvine and augite are also
.fognd in the same sample and may indicate that it is a cumulate.
In the phenocryst-poor lavas, strongly corroded plagiocJ-ase,
anorthoclase and augite with J-arge embayments are probably
xenocrysts. In one sample there are microphenocrysts of nearly
completely oxld,lsed pseudomorphs after kaersutite. The ground-
mass is variabl-e and may show a vitrophyric, hyalopiLitic and,

lntersertal texture with andesine prismsrlaths and microlites,
very light brown to light, green augite, oLivine, cubic opaques,
kaersutite (usually oxidised) and glass.

K-trachyte
Usually holocrystalline, fine-grained and typically

showing a trachytic texture, although occasionally rare
microphenocrysts occur. One sampJ.e is strongly porphyritic with
phenocrysts of oligoclase, anorthoclase and magnetite and micro-
phenocrysts of biotite, kaersutite, fayalitic ol-ivine and ferro-
auglte. The microphenocryst assembl-age is anorthoclase,
magnetlte, green feroaugite and accessory apatite. The ground-
mass varies from typical.ly trachytic to orthophyric and consists
of interlocking feJ.dspar (0,1 to 0.3 mm fopg) with ragged. green
ferroaugite and cubic opaques filling the interstices. Fine
brown aeglrine (?l r rare aenigrmatite and minor zircon also occur
in the groundmass.
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Peralkaline K-trachyte

typically holocrystalline and fine-grained with a

trachytJ-c texture, Phenbcrysts and nicrophenoerysts of sanid.ine,
anorthoclase and aegirine may make up to LB of the Lava.
Interlocking sanldlne Laths (0.2 nm long) have the interstices
filled by cubic opaques and either ragged brown to green
aeglrlne or reddish brown to bLack aenigmatite. Needles of
zlrcon occur as inclusions in the sanidine.

Essexite

AJ.though only weakLy undersaturated (Ne = 0.8 to I,lt)
the chemistry of these inclusions indicates they are cumulates
4nd this partially masks their obvious alkali composition. Two

samples (25263t 252681 are hypiomorphic granular witb an average

, graln size of 2 mm. Plnk titaniferous auglte occasionally
subophltical-Ly encloses olivine and plagiocLase. Olivine is
generally altered around its rims and in cracks and is also
rounded and sJ-ightly smaller in. grain size than the other
minerals. Labradorite is zoned and has alkali feldspar rims.
tate stage titanobiotite and kaersutite are found. An average
estimated mode is olivine 5*, pyroxene 398, biotite and
kaersutite 27, feldspar (predominantly plagioclase) 48Zl
opaques 3t and mesostasis 3?.

Erebus volcanic province

The neticulous and detailed thin section descriptions of
Smith (f954) adequately cover the rock types examined in this
thesis. Further descriptions and modal analyses are given by
Cole and Ewart (1968), Cole et dt,r (f971), Treves (f962, 1967)t
KyIe (1971) I Adams (1973), Luckman (1974); DVDP lavas are
described by Treves and Kyle (1973a), Kyle and Treves (1974a)

and Treves and AIi (1974).
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CHAPTER TIVE

MINERALOGY

Introduction

A detailed examination of the mineralogy of Lavas and of
one pJ.utonlc incLusion from The PLeLades, DVDP core samples and
Mt Erebus were made by eJ-ectron microprobe, Analyses and
analytlcal techniques are gLven in Appendix B.

Ollvine

Occurrence and Composition

J.. THE PLEIADES

Olivine occurs in aLl lava types except nepheline
benmoreite and peralkaline K-trachyte. of the I thin sections
examined by electron microprobe, olivine is present in all samples
except K-trachyte 25687 and peralkaline K-trachyte 2s6gg, in
these aegirine-augite and acmite are the dorninant mafic minerals.
Nash and Wilkinson (1970) have shown that fayalit.ic olivine will
not co-exist with acmite, due rnainry to the stabirity of the
minerals under different tO, conditions.

Olivine ranges in cofrposition from Fogl in trachyandesite
(25703) to Fo46 in nepheline benmoreite (25561). There is then
a break in composltion with fayalitic olj.vine (FoZ) in K-
trachyte (257021 . Analyses are pl-otted in Figs 5.L and S.Z.

Within any one sample analyses show Little variation
and where Present is due to normal zoning. Groundmass composition
l-s usuaLLy more iron-rich than the phenocrysts or similar to the
rims of the phenocrysts. In 25666 a small xenocryst with a
reactlon rim has a compositlon of Fo4g whlch dlffers significantly
from Eh" Fo77_72 of the phenocrysts,
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2. DVDP 1 AND 2

Olivl-ne occurs as serl-ate phenocrysts and as a groundmass

constituent in the basanites, but in aLL other lavas primary
olivine is absent. Nunerous samples contain rounded resorbed
xenocrysts invariably with oxldised kaersutite as a reaction
rim around the xenocrysts. The oLivine shows only a limited
range in composition from FogT to Forn (rig. 5.1) which is
typical of basaltic rocks. A xenocryst of Fo60 in 2-62.4L is
unusual as it ls the on3.y iron-rich olivine analysed from the
DVDP lavas. The presence of this fayalitic olivine xenocryst
suggests a derivation from an intermediate or phonolitic lava,
however the hawaiite and benmoreite from DVDP and phonolites
from Observation gill-, show an absence of olivine. The origin
of this particular graln is therefore unknown. The xenocrysts
in the nepheline mugearite (2-39.28) are simiLar in composition
to phenocrysts Ln the basanites (Fig. 5.21 and are probably
derived from that source.

zoning occurs but is generally only minor, the largest
variation noted belng togs to Forr. One grain exhibited very
weak reversed zoning.

The composition of olivine inclusions in clinoPyroxene
phenocrysts from basanlte 2-99.34 and 2-103.15 is similar to
that of the oLivine phenocrysts, indicating there was no major
compositional change from the earliest forming crystals.

A euhedral microphenocryst of olivine in basanite
2-99.34 shows all unusual symplectic texture of intergrown
spinel and magnetite (Fig. 5.3). A microprobe scan (Fig. 5.4)
across part of the grain shows the variation in Fe and Mgt

resulting from the intergrowths, and also the weak zoning of
the olivine towards the rim. Symplectic intergrowths of
magnetite + enstatlte or hematite * forsterite occur as a
result of high temperature oxidation (Haggerty and Bakerr 1967).
This origin ls not applicable to the sampLe under consideration
as it is extremely fresh and spinel is not a product of such

oxj.dation, Minute octahedra and plates of exsolved ferric and

chromic oxides are found in some olivines (Deer et d7. r L953) |
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FTGURE 5-3 Photordcrograph of synprectic intergrbrrth of magnetite
and spinel in olivine microphenocryst fron DVDP basanite
2-99.34 m.

FIGURE 5.4 Electron microprobe scan across part of the olivine figured
above, showing the variation of Mgo ancl Feo*. Magnetite
intergrovrths have higher F@* ttran the spinel intergronths
Note the weak no:mal zoning in the outer 20 pur of the
olivine. The ol_ivine is ri-rured by clinopyroxene.

F?gr-l

Mgo

FeO
MoO

F;O

coo I"
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however large symplectic
The mode of formation for

intergrowths have
the intergrowths

not been reported.
is therefore unknown.

3. I{T EREBUS

Fayalitic
variation (FoAg

from Mt Erebus

olivine, which shows only minor compositional
to FoU2) r occurs in anorthoclase phonolite lavas

(see Chapter 8).

Minor Element Varj.ation

I . MANGzu\f ESE (t'tnO 
1

The ltlnO content of the olivine increases with increasing
FeO (fig. 5.I). Olivlne from Mt Erebus anorthoclase phonolite
contains 2.48 MnO which is noticeabLy higher than olivines from
other centres, In undersaturated plutonic rocks, Simkin and
Smith (1970) reported. olivines with up tr: 1.98 MnO, while
recently Stephenson (L974) described nepheline syenites from
south Greenland, in which olivine contained 4.8 to 11.IS MnO.

Olivine in trachytes and phonolites from Mt Suswa, Kenya
contain 3.54 MnO (Nash et aI,r 1969).

2. CALCIUM (CaO)

CaO content is variable within any one rock type, but when
the range of ollvine compositions are compared the CaO generally
appears constant with increaslng FeO (Fig. 5.2).

Simkin and Smith (L970) showed CaO content is usually less
than 0.108 for olivines ln plutonic rocks but exceeds 0.10t for
hypabyssal and extrusive rocks. They suggested that the calcium
content was dependent on pressure, Stormer (1973) has shown that
the entry of calcium into olivine is probably controlled by the
followJ.ng reaction:
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CaMgSirO6 = Ca(SiO4) t * Mg(SiOn) t * SiO2

diopside Ca-olivine forsterit'e liquid

hence

... (1)

...(rA)K (r,p, = "li3l'u ' ";li;i;i, ,' " !liJil.,,
aPyroxene'cat,tssiroa

Thus the activity or mole fraction of Ca(SiO4)l in olivine is
strongly influenced by the silica activity (the effective
thermodynamic concentration of silica) at any. given temperature
and, pressure. Stormer (1973) concludes that if the silica
activity remains constant, rapidly rising calcium content in
olivine may indicate a Pressure drop whereas decreasing or
constant calcium content may indicate the dominance of
decreasing ternperature.

The lack of any widespread scatter of cao in olivine
of the McMurdo Volcanic Group lavas probably indicates
decreasing temperature has been important during.the
crystallization of these lavas.

3. NTCKEL (NiO)

NiO wt t decreases as the Fa content increases (Fig. 5.5).
Forbes and Banno (1966) examined in detail the nickel-iron
content of peridotite inclusions and cognate olivine in
basanite samples from Hut Point Peninsula (fig. 5.5). They

showed compositional gaps in the Ni content of olivines from
the inclusions compared to olivine in the basanites. A

fractionation trend of decreasing Fa was observed in the
basanites, but not in the peridotite inclusions (Fig. 5.5).
Forbes and Banno (1966) therefore concluded the olivine in
the inclusions was not formed from the same parent melt as

the basanite olivine.
Olivine from DVDP samples have similar NiO versus Fa trends

(Fig. 5.5) to those studied by Forbes and Banno (1966). Olivine
cores in the basanite also have similar NiO and Fa contents
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tr PerLdotite incl,usions, Hut Point Fenlnsula (Fsrbes
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FIGOhE 5.5 Variation of Nio (wt t) vs Fa (rnole t) in olivine from

mafic and ultramafic inclusions and basalti.c Lavas from
the Erebus volcanic province. Olivine in intermediate
lavas from The Pleiades, Melbourne volcanic province
also sho$rn.
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to olivines from tl-e peridotite inclusions. As the inclusions
probably formed und.er constant pressure and temperature
conditions in the upper mantle or lower crust they would. be
expected to be unzoned (as shown by Forbes and Banno, 1966).
Zoning of olivine in the basanites indicates they were formed
under varying conditions (such as decreasing temperature as

indicated above by the Ca content) probably as the magma

ascended to the surface. One wouLd therefore expect only the
cores of the basanite ol-ivines to be similar in composition to
the inclusion olivine. This is certainly the case for some of
the analysed olivines (Fig. 5.5) and therefore it cannot be
concluded that the olivines from the basanites and perid.otite
inclusions did not form from the same me1t.

Olivines l-n basanites from this study have higher Fa
contents than those studied by Forbes and Banno (1966). They
overlap in NiO and Fa contents with olivines from titanaugite-
oLivlne peridotite inclusions (Fig. 5.5) suggesting they are
autolithic, the inclusion may be high leveI crystal cumulates.

Pyroxene

Occurrence

Clinopyroxene occurs as phenocrysts, microphenocrysts
and in the groundmass of almost all lavas of the McMurdo

VoLcanic Group. It Ls absent in occasional phonolites and,

K-trachytes where the main mafic minerals are aenigmatite
or kaersutite.

No orthopyroxene has been found in any lavasr so in
the following discussion where the term rpyroxenef is used
it al.ways refers to rclinopyroxener.

J.. THE PLEIADES

Two groups of pyroxenes can be distinguished in thin
section:
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i. rn the basic and intermediaLe lavas (excluding the
nepheline benmoreites), pyroxene is usually euhed.ral and occurs
as phenocrysts and microphenocrysts, with resorbecl xenocrysts
rare. It Ls generally brown to colourless although occasionally
it nay be plnkish. sector zoning is conmon in basanite
pyroxenes (e.9. 25679) and normal zoning is present in
pyroxenes from a1l rock types.

I'i, rn the K-trachyte, perarkarine K-trachyte and
nepherine benmoreite lavas the pyroxene is typicalry green
and may be sllghtly pleochroic. Brownish acmitic pyroxene
may be present in the more differentiated lavas. The
Pyroxene is usualry a groundmass constituent, and is anhedral
wlth a ragged outline as it fills the interstices between the
flow band.ed fel.dspar laths and microlites. occasionar green
euhedral rnicrophenocrysts are observed. rn a peralkaline
K-trachyte (256981, pyroxene is not present, aenigmatite is
the rnaln maf ic phase r .

2. DVDP I AND 2

clinopyroxene is ubiquitous in the DVDp ravas, rn the
basanltes euhedral seriate phenocrysts are present (with the
exception of l--187.64, , whire nr:icrophenocrysts and groundmass
pyroxene are always found. Three stages of development are
recognised within pyroxenes from the basanites and some
nepheline hawaiites. The cores of some phenocrysts are light
green to green and often show an irregular outline which
suggests resorption (Fig, 5.6). Surrounding this is usually
a colourlessr or occasionalJ.y weak-brown zone of variable
width and the grain has a pink to purprish rim (Fig. 5.6) .
Microphenocrysts and some phenoerysts have corourless cores
and purple rirns whire the ground.mass pyroxenes are a uniform
purple colour.

Weakly pinkish to colourless phenocrysts, microphenocrysts
and groundmass pyroxene occur in the nepheline hawaii.te,
although rare crysta].s have green sodl-c cores simiLar to
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Microphenocryst in 2-1O3.15; Grain 6 (see APpendix B'
Part 2). Grain is O.5 nur wide.

Phenocryst in 2-99.34; Grain 4 (see APPendix B, Part 2).
Centre zone is 0.75 nrur wide.

FIGURE 5.6 Photonicrographs of, clLnopyroxene j.n basanite lavas
fton DVDP holes, showing zoning from green Na, I'e-rich
core to colourless salite. Some grains show a thin
purple Ti-rich salite rim.
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pyroxenes from the basanites, In the nepheline mugearites
and nephel-ine benmoreites microphenocrystic and groundmass

pyroxene vary from col-ourLess to very weak brown and light
pinkish.

3. MT EREBUS

Microphenocrysts of brownlsh resorbed pyroxene are
usuali.y present ln the anorthoclase phonolite bombs and lava
from the sumrn:it of Mt Erebus (see Chapter 8).

Chemistry

INTRODUCTION

ELectron microprobe analyses of the pyroxenes are given
in Appendlx B along with their formuLae based on 6 oxygen.
Total Fe was d,etermined as FeO, but as the pyroxenes contain
>0,58 NarO, a proportlon of the Fe must be Fetot (particularly
J.n the more sodic pyroxenes) . several methods of calculati-ng
Fe3f were used;

i. Fero, was calculated assuming all sodium occurred
as an acmite component (ware3fsi2o6), in which case the
moLecular proportion of FerOa equaLs NarO. This scheme was

used by Kyle (1974b) (See Appendix B; Part 2).
iJ-. FerO, was cal.cuLated assuming the pyroxene was

charge balanced, the equatLon given by Papike et a7,, (1974)

was used;

VIet + VIFe3+ + VICr3* + 2VITi4+ = IVAI + "2N.

CalcuLations were made using a computer program modified from
a prograrn supplled by Professor J, J. Papike.

Both methods of deterrnining FerO, are aPProximationst
however the charge balance Procedure has been used, in this
thesis. After Fe3* w.s caLcuLated theoretical- pyroxene
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moLecules were calculated folLoWing a convention given below.

CLINOPYROXENE RECAI...CULATION

Several schemes for recal.culating clinopyroxene analyses

have been proposed by Kushiro (L962, I and Cawthorn and,

ColLerson (I974). Neither method is satisfactory when d'ealing
with a wide range of c].inoPyroxenesr particularLy of Na-rich
cornposl,tions, and when Fe3* J.s calculated by charge balance
proced^ures. Theoretlcal end-members have therefore been

calcql.ated using a scheme based ln part on Kushiro (1962)

and Cawthorn and Collerson (L9741. The scheme is considered
appJ.icable to volcanic rocks but is not reconunend.ed, for use

With htgh-pressure pyroxenes from eclogites and other rocks
which contal.n jadeite or Na and Ai- rich Pyroxenes-

The procedure 1s;
(1) Comblne Na+K, ALtCr, MgtNi, Fe2++Mn

(21 Form Ca-Tl-tschermak (CaTiALroU); if insuffieient
AI form Na-Ti-pyroxene [NaTiO.U{re2+un);.isiroa] (Papike et a7.,

1974) witfr the excess Ti. Formation of the Latter Pyroxene is
very rare and will only occur ln Al-poor acmitic pyroxenes.

(3) Form acmite (Ware3+Si2O6) , lf there is insufficient
re3+, incorporate Fe2+ to satisfy the formula.

(4) Form ferrL-tschermak (caFe3lsior) rnolecule.
(5) Form caLclum tschermak (CaAl2SiO6) molecule.
(6) Form woltastonite (carsiroa) from remaLnlng ca

after deducting Ca in Ca-Tl-tschermak, ferri-tschermak and

Ca-tschermak molecules .
(71 Form enstatite (MgrSiro') from remaining Mg after

subtracting Mg in Na-Tl-pyroxdne.
(8) Form ferrosl.Llte (Ferslro') from remaining re2++un

after subtracting Fe ln Na-Ti-pyroxene and .rry Fe2+ converted
to Fe3* to satisfy the acmite component.

SeveraL examples of analyses recalcuLated by the proposed

scheme and those of Kushiro (L962) and Cawthorn and Collerson
(L974) are given for comparison Ln Table 5.1.
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CALCIUM, IvIeGNESIUM, FERROUS IRON (Car M9, n"2*)

The three major end members Ca, Mg, F"2*+Mn have been
recalculated to 100 mole I for all the pyroxenes. When plotted
in the pyroxene quadrilateral, some analyses 1ie above the

1L
CaMg - CaFe-' join, due to a Large dissolved content of
tschermaks molecules. Therefore the wollastonite (Wo),
enstatite 1nn) and ferrosilite (Fs) end-members, calcurated.
by the proposed, scheme have aLso been protted,, these give a
more realistic approxJ-matLon to the pyroxene composition.

1". The Pleiades

Individual analyses are plotted in Fig. 5.7 and summarized
in Fig. 5,8.

The most striking feature of the pyroxenes from The
Pleiades is their continuous enrichment in re2++Mn with
dl-fferentLation (Flg, 5,9) r a complete sequence from diopside
to hedenbergite occurs. A scatter J-n Fe2++Mn, Mg and ca is
observed for pyroxenes in the more basic ravas, but this is
reduced in plots of wor En, Fs (Fig. 5,9). The proportion
of ca and wo remaLn constant up to the K-trachyte (zs7oz) and
paraller the dlopside-hedenberglte join, but they clecrease in
the acmitLc pyroxenes of the peralkaline K-trachyte (25699).

compositional variation withln any one sampJ.e is usual].y
snall; however in the peraLkaline K-trachyte (25699) variation
results from Na enrichment and will be discussed berow. The
largest varlation observed is in trachyandesite (zs67L) where
a groundmass grai.n has the composition Wo4ZEn2zF"36 whereas the
phenocrysts are WonnEr43F"l3.

zoning within a sJ.ngle grain ls in most cases smarl or
non-existent. Except for the peral-kaline K-trachyte, the
largest degree of normal zoning occurs in K-trachyte (256g2)
where Fs lncreases from L7.0 to 22.s. Reverse zoning was
noted in several gralns from trachyandesite (ZS7O3|, the
l"argest variatlon was from WonrEnn3Fs'4 at the core, to
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FIGI]RE 5.7 Corrposition of clinopyroxene' kaersutite and olivine'
detennined by electron microprobe analysis, in rocks
from Ttre Pleiades. Clinopyroxenes are plotted in
terms of Ca, ug, Fe2++Mn (mole *) (dots) and recalculated
end-menbers Wo, Di, Fs (open circles). Olivine (triangles)
is plotted along the base in terms of Fe and Mg (nole t) -

Kaersutite (squares) is plotted on the basis of Ca' Mg1

F1 (nole t).

1. 2566A essercite inclusion
2. 25703 trachyandesite
3. 2567L trachyandesite
4. 2566L nephel-ine tristanite
5. 25666 tristanite
6. 25687 K-trachyte
7. 25702 K-trachyte
8. 25699 peral.kaline K-trachyte
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FIGURE 5.8 Cornpil-ation of individual microplobe analyses of, clinopyroxenet
kaeisubite and olivine in rocks from The Pleiadeqt
a.ClinopyroxeneplottedintermsofCa.Mg,Fe"'+Mn(mo1e.t)

and kiirsutite (triangles) pJ.otted in terms of Ca, !'lgl Fer- (mole B).
b. Clinopyroxene plorted in teims of vJc, Di' r5 and olivine plotted

in teims of Fe an:l Mg (mote t) alorrg base'



98,

WonrEn'rFs, at the rim, and appears to be related to marked

increases in Ti and Al-.

2. DVDP 1 and 2

Individual analyses are plotted in Fig. 5.9 and

summarized ln Fig. 5.L0.
The DVDP pyroxenes show extremely Ca-rich compositions'

and plots of CarMgrFe2++Mn are mal.n1y above the diopsid,e-
hedenbergite join (Fig. 5,9). In terms of WorEnrFs analyses
Iie maLnly in the diopslde, endiopside and saLlte fields
(Ftg" 5.10). ,L

The variatlon of CarMg rEe' '+Mn ln the DI/DP pyroxenes

is extrernely small and even more restrlcted when the end-
members WorEnrFs are considered. Thls is in contrast to the
pyroxenes from The PLeiades (Flg. 5,8) whlch show a well
developed, crystall-izatlon trend, Only one nepheline benmoreite
(l-85.35) shows any Fe enrichment while the cores in some

phenocrysts from the basanltes and nepheline hawalites also
show anomalous Fe enrichment, which is discussed below'

As rnight be expected from the J-ack of any crystallization
trend, variation within a sampJ-e and zoning within a single
pyroxene grain J.s very smalL. In the pyroxenes with Fe-rich
cores, zoning is reversed, this also occurs in the Fe-rich
nepheline benmorelte pyroxenes.

3. Mt Erebus

Pyroxenes in the anorthoclase phonolite lavas are plotted
in Figure 5.11; they show only minor zoning and no composi-tional
variatLon between samples. The pyroxenes show almost no

enrLchment of Fe, even though they occur in a strongly
f,ractlonated phonolitlc Lava. Thelr composltJ.on in terms of
WorEnrFs are very simiLar to the DVDP Pyroxenes.
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2- 99.31

2- r03.15 l-187,61

ConpositLon of cll.nopyroxene, kaersutite and olivLne in
a dike and lava saqrles from DVDP holes I and*2, Clino-
pyroxenes are plotted in ter:nrs of Ca, Mg, Fe-'+Mn (nro1e *)
(dots) and end-meobers Wo, Di, Fs (open circles),
xenocrysts are also shown (triangles), all analyses
recalculated by charge balance method. Olivine (open
squares) is plotted along the base in terms of I'e arrd
Mg (mole t1. Kaersutite (filled squares) is plotted
along the base in tetms of the Mg index (f00Mg,/Mg+Fe*+lt!n).

Co

FIGTIRE 5.9
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DVDP (Appendix B, Part 2r Table 2)

I basanlte (1-88.55,, i-121.88' 1-tr87.64, 2-99.34' 2-103.15)

r nepheli.ne hawaiite C2-62,41, 2-70,t+l)

tr nephel{ne hasaiite xenocrysts (2-62.4L)

A nepheline mrgearlte (2-39.28)

v nep-lrellne ergearlte trenocrysts (2'39,28)

o nepheline benmoreite (L-57.94, 1-85.35' 2-54.72)
beinnoreite (1- 131, 35)
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r-v:il-36

FIGU{ts 5,9 sontLlued.
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FTGURE 5.11 conposition of cJ-inopyroxene and oLivine in recent
volcanic ejecta, Mt Erebus. Lava and bonb sarnples
25724 (open triangles), 25725 (closed triangJ.es)
25726 (open sguares) and inclusions in anorthoclase
phenocrysts-anorthcclase I (closed squares),
anorthoclase 2 (circles).
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Discussion

Clinopyroxenes in alkaLi rocks generally show only a
smaJ.l range in compositl-on, particularly when bulk samples are
analysed; Wilkinson (L974) noted that rcompositions more iron-
rich than F"25 are exceptionalr. cibb (i-973) recognised two
cJ-inopyroxene crystallization trends (Fig. 5.12) for alkali
Iavas:

i. a caLcic augite-calcic ferroaugite-hedenbergite
trend of mildly alkaline baslc magrmasT €.g. Shiant Isles sill
(GibbsI L973) and the Japanese aLkali basalts (Aoki, 1964).

ii, a saLLte-ferrosallte-aegl-rlne trend of strongly
aLkaLlne basic rocks t e,g, Shonkin Sag Laccolith (Nash and
Wllkinson, 1970). This trend shows strong Na enrichment and
will be dLscussed ln rnore detail below.

Both trends contrast strongS-y with the typical trend
observed for cl-Lnopyroxenes in thoLeiitlc rocks such as

Skaergaard (fig. 5.L2),
Pyroxenes f,rom the McMurdo VoLcanics can be considered to

belong to the first crystallization trend listed above, but
can be further subdivided into;

J., a trend of little iron enrichment.
ii, a trend, of strong lron enrLchment.

Several factors probably control these crystallization trends.
The most significant difference between The Plelades and DVDP

lavas is their degree of siLica saturation, the fornuer is only
weakJ.y unsaturated, whereas the DVDP l-avas are extremely under-
saturated. Hence sLLica activity can be expected to play a

dominant control in the trends. Tota]. pressure, oxygen fugacity
and water pressure wllL aLso contribute, but these will be
superimposed on the wider dlfferences ln magrma composition.
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SODIUM (Na)

1. The Pleiades

Although a strong enrichment in Fe2*+Mn is found, Na

shows little variatLon and is only enriched in the pyroxenes
from peralkaline K-trachyte 25699, where the acmite (Ac)

component ranges from 9 to 9t? (fig. 5.I3).

2. DVDP 1 and 2

As might be expected from the J-ack of Fe2f+Mn enrichment,
Na also shows very llttle enrichment, When plotted on a

)+
MgrFe-'+MnrNa diagram (Fig. 5.J.4) the analyses cluster in a

very small fieLd and a short fractionation trend is indicated
by the weakly Fe-enriched pyroxenes from nepheline benrnoreite
I-85.35. The trend has a slightly higher Na enrichment than
that for The Pleiades.

Na-rich Cores
In many DVDP basanites and some nepheline hawaiite samples,

occasional phenocrysts and microphenocrysts have irregular
green cores which are Na and Fe rich (Fig. 5.6). The grains
have strong reverse zoning with Fe and Na decreasing outwards
from the core. Electron microprobe scans for Car Fe and Mg

(Ftg. 5.15) clearly J-ndicate the extreme Fe enrichment and the
sharp boundary wlth the weakS-y zoned rims. In basanite
L-121.88 the rim shows weak normal zoning (fig. 5.L5A) while
in the nepheline hawaiLte 2-70.4L the rim is reverse zoned
(Fig. 5,158). Six grains with NarFe-rich cores have been
analysed. Charge balance calculations indicate the amount of

?+Fe"' in the pyroxene exceeds the Na contentr so it is therefore
Iikely that alL the Na is present as the acmite (uare3+si2o6)
component and not as the jadeite (NaAlSi2o6) componentr the
usual high pressure Na pyroxene. The sodic cores were formed
very early presumably at high pressure in the mantle. The
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Frqrre ,5+3 Na-,Fe2++un-!tE (rcLe t) plot of :crinolry,roxene frou
lBhe FleLade :,

Fe2++ Mn
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<_Fe2++Mn

FIGURE 5.14 Na-Fe2++Mn-Mg (noLe t) pJ-ot of clinopyroxene fron
D\IDP holes I and 2.
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FTGURE 5,15 Erectron nicroprobe scans across clinopyroxene with
Na, Fe-rich cores in basanite and nepheline hawaiite
lavas fronrn DVDP hoLes l- and 2. Note the Fe enriched
core and sharp boundary with eLinopyroxene of nornal
salite on rin.
A, Scan across part of DI/DP 1-121.88 grain 4.
B. Scan across crystal of D\IDP 2-7O.4L grain I.
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occurrence therefore of a strong acmite enrichment is diffieult
to reconcile with the usual observation of high pressure
pyroxenes being jadeite rich. Unless the Na is present as a
jadeite component, and the F.3* occurs as ferri-tschermak

?+(caFei'sio-) and caLcium aLuminl-um ferri-tschermakzo
(Cafe3+alsio6) component,s. Both these latter two components

are generally considered to be of low pressure origin-
A brief sunmary indlcates a few of the widespread

occurrences of NarFe-rich cores in cllnoPyroxenes from alkali
basaltLc lavas. Although Little has been written on the
conditions of formation, reports on their occurrence are

becomj.ng more numerous. Welblen et aJ., r lI97Abl discussed the
RosS Island examples and indicated they probably were of high
pressure origin, Huckenholz (1973) reported similar pyroxenes,
which he described as fassaitic augite, in nepheline basanite
and alkali basalt from West Germany. High pressure xenoliths
in a Tertiary Lamprophyre dike from East Greenland contain
Na.Fe-rJ.ch reVerse-zoned pyroxenes (Brooks and Rucklidger 1973).
Dr C, K. Brooks (written communication) has found occurrences
J.n basanites and related rocks from East and West Greenland
and Sweden. A brief description of green NarFe cores in
pyroxenes in al-kali basalts from the Canary Islands has been

reported in an abstract by Scott (f969). Analyses of reverse
zoned Fe-rich pyroxenes in plutonic xenoliths from the Canary

Island are gj"ven by Frisch and Schmincke (1968) and Borley
et aI, t (1971) . Price (1973) described and figured titaniferous
augite, in an alkali basalt from Dunedin Volcanor New Zealandt
with green NarFe-rich cores. The green pyroxene had a mottled
appearance whLch Prlce (1973) attributed to late stage alteration,
a conclusLon which may be open to reinterpretation in view of
the data presented here.

Experimental studles of the diopside-acmite system
(Yagl I L962, L966i No1an and Edgar, 1953; Bailey and

Schairerf 1965) have onLy been made at low pressures and relate
to the appearance and stability of acmite in more differentiated
lavas of aLl<al| volcanic series, Gilbert (1959) studied the



Ehompson (1974)

o olivine-rich alkali basalt
a transitional basalt
o augite leucitite

Bultitude and Green (197I)

o olivine nephelinite
r picritic basanite

a picritic nephelinite

Note. Trend lines for results of Thompson only.
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high pressure stability of acnuite and found that it melts
incongruently to hematite + magnetite + liquid up to at least
45 kb. An equation for the fusion curve of the reaction was
given as t(oC) = 988 + 20.87P (kb) 0,L55P2 (kb). Therefore
acmite is stable under mantle conditions and it seems reasonable
to assume that acmite ls also soluble in diopsidic and
sal-Ltic pyroxenes under these cond,itions. It is probable
that the entry of Na and Fe3* (1.'e. the acmite component)
into pyroxenes, is dependent on the availability of Fe3t
which Ln turn may be a function of the oxygen fugacity.

Pyroxenes formed ln high pressure melts of alkali volcanic
rocks (Thompson, L974) and their synthetic equivalents
(Bul-titude and Green, L971) never show any marked enrichment
in Fe, although the effect of fO^ was not investigated in the
experiments. The pyroxenes, wni6n were analysed by electron
microprobe, were however unusuaL, being mainly of sub-calcic
compositLons. The Na content had a strong positive correlation

o

o/

o-o 0.5 1.0 t.5 2.O 2.5
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FrcuRE 5.16 v"r1l.ll?"_of.T"zo wirh pressure in clinopyroxene fron highpressure merting experiments on naturar (Thompson, rg74) andslmthetic (Bultitude and Green, rg71) basaltil =f"t"*".
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wlth pressure (Fig. 5.16). The data of Thompson 1J-974) shows

an extrerneLy strong correlation, while the scatter in Bultitude
and^ Green (1971) data (Fig. 5.L6) is probably a function of the
different temperatures and sample capsules used. In these
experiments the Na content was equated as an increase in the
jadeite component. If Na contents of DVDP samples are
compared wlth the experimental studies it suggests they formed

at pressures of 20 to 30 kbars.
The next question is what conditions in the mantle favour

the formation of F.3f and the overall enrichment in Fe?

Mysen (L974) partiaLl-y nelted a naturaL spinel Lherzolite at
1.5 kbars under controlLed oxygen fugacity. LIe found, that
Mg/(Mg+Fe) ln the resultLng pyroxenes decreased when the log
fn lncreased from -L0.72 to ^4.47 and considered this was

ai3 t" a 5t increase in re3+7(re2*+Fe3*). Thus oxygen fugacity
can have some controL on the entry of Fe3* into Pyroxenes'

Thompson (L974) found that pyroxenes formed in melts
of augite Leucitite had cation sums (with total Fe as FeO) which
decreased from about 4.05 at 10 kbars tg 4.01 at 28 kbars.
He i.nterpreted thls as a decrease in Fe3* content in the
pyroxenes as pressure increased, and showed that it resulted
in a negative correlatlon with Na. This is the opposite effect
requlred to form the DVDP pyroxenes. Perhaps oxygen fugacity
may pJ-ay an important. role, although Thompson also noted that
the re3*-rich pyroxenes crystallized from a strongly alkalic
and sllica-undersaturated meLt at the sante tO" as less blkalic
and silica undersaturated basaLtic melts precipitated, pyroxenes
free of Fe3*. Thompson Lndicated this supported a suggestion
by Lindsley et aI.r (1968) that fO-, Ievels do not vary greatly
in various magma types, but dlffer6nt degrees of oxidation
may be due to changes in the acLivity coefficients of FeO and

FerOr.
A factor whlch has not been discussed and is difficult to

reconclle, is the accompanying enrichment in Fe2+, which
resuLts ln a high ferrosilite component Ln the D\fDP pyroxenes.
No expLanation can be offered other than to suggest that
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perhaps there is a coupled
The entry of Fe3* may make

of Fe2r than Mg.

A feature of the DVDP pyroxenes is their low values of
SiOZ compared to the pyroxenes of the experimentaL studies of
Bultltude and Green (1971) and Thompson (L974). A jadeite
component may not form in the DVDP pyroxenes because Al was

entering the Z site (hence the formation of tschermak molecules)
to make up for Si deficiencies. fn the experimental study of
Thompson (L974) the onLy pytroxene to show Si contents sirnilar
to the DVDP pyroxenes were those crystallized from an augite
leucitite, In these pyroxenes the AL10, reached exLremely
high levels ( 18* at 42 kbars). The parent rock however had
over L5? AL2O3 and only 88 FeO+F"2O3 whereas the DVDP basanites
have 128 A12o3 and L2* Feo+Feror. A].umina activity may therefore
play an important roJ.e in the ability of Fe to enter the pyroxene
stfucture in strongJ.y undersaturated nagnas.

In summary the earJ-y forming NarFe-rich pyroxene eores
are believed to form at high pressure under oxidizing conditions
which favour a high p"3+/(re2++re3+) rat,io, These conditions
may resuli in the formation of an acmlte component, but are
unJ-ikely to account for the increase in the ferrosiLite component.

3. Mt Llrebus

The pyroxene in anorthoclase phonolite lavas from Mt
Erebus show no enrichment in Na (F19. 5,17) and in terms of the

)+Nd, M9, Fe-'+Mn components contain between 6-88 Na. They are
very slightly enriched ln Fe2*+Mn compared to the majority
of tie DVDP pyroxenes and lLe on the trend line defined by the
DVDP nepheline benmoreite pyroxenes (Fig. 5,18).

enrichment of both Fe2f and Fe3*.
it more favourable for the entry
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Fe"tMn

72, 70 68 66 64 62

FIGURE 5.17 Na-Fe2++Mn-Mg (mole ?) plot of clinopyroxene in recent
volcanic ejecta, Mt Erebus. Syrnbols are the same as
ris. 5.11.

Discussion

Except for the NarFe-rich cores in the DVDP Pyroxenest
the trends for The Pleiad.es and DVDP-MI Erebus Pyroxenes are
agaJ-n contrastlng. In general The Pleiades pyroxenes show a
continuous enrichment in Fe2*+Mn with little variation in Na,

until the peralkalLne K-trachyte. The observed trend, for The

Pleiades pyroxenes is very similar to that found in pyroxenes
from stightly undersaturated alkall rocks from Dogo' Oki Islandt
ilapan (Uchimizu, L966) and generalised alkali basalt-trachyte
series also from Japan (Aoki, L964) (Fig. 5.18). It contrasts
strongly with pyroxene trends from Shonkin Sag and other
alkaline differentlation sequences also shown on Fig. 5.I8.

vlcToRtA t,wrvFpsrry nF WELLINGToN



SIcqBB 5.f,8 cu.rroplircxend crystaJlb-.Ettror'r trend, tn tea-rns o6 ,tr16-tr'g2++Mti.!{9. .DVDF

cltnopyroxeneE shoen by dots. I-The Pletades (thi3 Bt\rdyrt z-Dogo,
tkl fdhnd. Jll'an (Uchlnrlzu, 19q41 ; 3-Al'lcatl ba6aLts-trachyte 8€rLsa,
atapan (Aoki, 1964), il-PaBtellerite trend (ceroictlael, I962f,'
s-Nepheline ayenite, Soutb ct€onland (.stephenson, 1972) I 6-ShonkJ.n
Saq. U.S.e.. bulk analyses (Nash and lfilkinaonr l970lt 7-l'lorotur
JitlnB tliiglr ,!953)r 8-trtqltt3.tlpua, 8c*zLl (Gptnes ec a,l ., 1970);
9-Ug*ndle alkaLi cotripfexeg (rylgr {idf riag, 19671.



115.

Na enrichment ln pyroxenes resul-ts from substitution of
?+ )+NaFe-' for Ca(MgFe-'). It has been suggested that Na enrichment

may be controlled by high or increasing oxygen fugacity (aoki,
L964; Yagi, L966). Nash and WLlkinson (1970) however in their
study of Shonkin Sag state I'the crystallization of na-rich
pyroxenes does not demand. an increase in the fugacity of o>rygen,

but rather requires that the oxygen fugacity falls less rapidly
with temperature than would be the case if olivine and magnetite
were present. " Olivine and magnetite act as an olrygen buffer
according to the reaction

3FerSiOn * 02 = ZPeron + 3sio2

fayal.ite gas magnetite liquid

Thus Na-ri.ch pyroxenes occur only when the olivine disappears and

is no longer buffering oxygen fugaclty, This fits The Pleiades
pyroxenes weLLr ds fayalitic olivine persists up to the
K-trachytes and only di.sappears in the peralkaline K-trachyte.
It is at this stage that strongly sodic pyroxenes crystallize.
The same is also true for pyroxenes at Dogo (Fig. 5,18) where
olivine persists throughout the lava series and. no Na-enrichment
is reported in pyroxene except for one analysis of a slightly
sod.ic groundmass pyroxene.

ALUI{rNrUMI TTTANTUM (AIrTi)

Introduction

Barth (1931) suggested a coupled substit,ution of fi;+Mg
and Alt'.Si occurs in clinopyroxenes. The solubility of Ti
therefore increases with the amount of Al present in the
tetrahedral Z site (Kushiro, 1960i Le Bas I L962; Verhoogent
L9521, Ti is usually considered to occur as the Ca-Ti-
tschermak molecule (CaTiAlro3), and, this is followed in the
recalculation scheme although in A1-poor acmitic pyroxenes a

).LNa-Ti-clinopyroxene [liaTi.. 5 
(M9Fe-' ) O.5Si2oG] is also calculated.
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Al and Tl are plotted against, Mg/Mg+Fe2++!,tn (mg index)
(Figs.5.19 , 5.20) , a parameter which reflects the degree of
pyroxene fractionation.

1. The Pleiades

AI reaches a maximwn of 0.449 atoms (on the basis of
6 oxygen) in the pyroxenes from trachyand,esite 25703 and is
strongly reverse zoned (rtg. 5,19), The mg index increases
from core to rim, opposite to the normal trend, but similar
to pyroxenes with NarFe-rJ.ch cores from DVDP basanites, In
the other rocks examined Al decreases as the mg index decreases,
initially the A1 decrease is rapid, but flattens out below
0,6 mg, Excludtng the essexite incl-usion (25668) , the decrease
ln Al and mg index fol-Iows increasing differentiation of the
lavas. Pyroxenes in the essexite have very low A1 even though
the ng index Ls high. K-trachyte (25687) pyroxenes have a
wide range in Al content, varying from 0.379 (atoms) in the
phenocryst cores to 0,044 in the groundmass, The very wide
spread suggests the pyroxenes with high A1 cores may be
xenocrystic.

Ti behaves similarly to A1 although there is a small
enrichment of Ti in the acmites of peralkaline K-trachyte
25699 (rig. 5.20),

2. DVDP I and 2

Pyroxenes with NarFe-rich cores from DVDP basanites and
nepheline hawaiites are as previously noted reverse zoned with
an increasing mg index from core to rim. Al however shows no
consistent pattern from core to rim in these pyroxenes (Fig.
5rl9) ? whereas Ti increases in al-l cases (Fig. 5.20).

A weLl defined division in Al and Ti content between the
basanite f nepheline hawaiite as a group and nepheline mugearite +

nepheline benntoreite, is apparent, The former group, in general,
have Al and Ti exceeding 0.250 (atoms) and, 0.075 respectively
whereas the nepheline mugearite and nepheline benmoreite have
lower contents (Figs 5.19, 5.20). Xenocrysts in the nepheline
hawailte have Low Al and very low Ti.
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FIGURE 5.19 Variation of A1 content of clinopyroxenes
(f,orrnu1a caLculated on the basis of 6 oxygen)
plotted againsL mg index (Mg^'1g+Fe2++Mn), an
J.ndex of fractionation.
A. The Pleiades (slmbols as Fig. 5.L3).
ts. llt Erebus and DVDP I and 2 (s!rynbcls as
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FIGURE 5.20 Variation of Ti content of clinopyroxenes (fornula calculated
on the basis of 6 oxygen) plotted against mg index
(Mg/Mg+Fe2++un), an index of fractionation.
A. The Pleiades (slmbols as Fig. 5.f3).
B. Mt Erebus and DVDP I and 2 (slnnbols as Fig. 5.14).
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3. Mt Erebus

Pyroxenes from anorthoclase phonolites are slightly
fractionated (i.e, mg index is lower), and have lower Al contents
than DVDP pyroxenes (Fig. 5,19), Ti content is very similar
to pyroxenes from DVDP nepheline benmoreites (Fig. 5.20).

Discussion

Introduction
A1 content in pyroxenes is controlled by Pressure and

sil-ica activity. In the recalculation scheme excess A1 over
that required to form the Ca-Ti-tschermak (CaTiAtrOr) component
forms the Ca-tschermak (caAlrSiOU) component (Appendix B).
The amount of Ca-tschermak molecule increases with Pressure
(Aoki, 1968; Aoki and Kushiro, 1968i Kushiro, L969i
Thompson I L9741 | so that greater than 58 Ca-tschermaks may

refLect pressures exceeding 5 kbars (Munoz and Sagredor L9741.
Experimental studies (Gupta et a7. t f973) have confirmed.

earLier suggestions (KushLro, 1950; Verhoogenr L962; Brown'
1967) that the AI and Ti content also vary with the silica
activity, The following reaction may be a simple representation
of the role of Alro3 ir calcium rich pyroxenes (CarmichaeL

et aI. t 1970) :

hence

CaAlrSiO6 + SiO2 =

Ca-Tschermak ligulct
Pyroxene

caAJ.2Si2% . .. (21

r. . (2a1

the ground,mass,

reaction may apply;

plagioclase

* (*,n) =

, Plagioclase* caatrstro,

-pyroxene ^ ltquidocaerrsioa 'sro,

In the basanites plagioclase only appears in
in the feldspar free sltuation the foll.owing
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CaAl2sio6 + lsioz + lMgrSion = CaMgSiro6 + AI2o3 -. - (3)

ca-Tschernak liquld olivine diopside liquid
rnolecuLe

hence

- pyroxene - J-lquido caugsirou' oA1ro,
*ttrn1 = ... (3A)

"::iq:l;. ("1ry)',(";;:Iil)'

Therefore the entry of AL into Pyroxene can be controlled by

many factorsi pressurer silica activity (ag19") r alumina
actiVity (.Al^O^) and plagiocJ-ase crystallization, thus

makJ.ng eL varfa€iott= in the McMurdo Volcanic Group pyroxenes

difficult to understand.
Although Ti shovrs a coupled substitution with AI it is

generally considered to decrease in pyroxenes as crystallization
pressures increase. Yagi and Onuma (L967) in a study of the
system CaMgSiroU-CaTiAlroU found lt8 solubility of Ca-Ti-
tschermaks at atmospheric pressurer but this was reduced to
almost zero at pressures between 10 and 25 kbars and temperatures
of LOOQoC. On the other hand, Thompson (L974) noted Pyroxenes
formed in high pressure melts of basalts showed increasing Ti
with rising pressure. Thompson (L974) attributed the difference
to the greater number of components in the pyroxenes formed from

rock mel-ts. Increasing siLLca activity also decreases the
solubiLity of Ti in diopsidic pyroxenes (Gupta et a7. , 1973) .

It may be buffered by the reaction:

CaTiAt rOa + SiOz = CaAlzSizOe + TiOz . '. (4)

ia-Ti-tschernalc Uquid plagiocLase tiquid
Pyroxene

hence

^pJ.agLocIase -liquidocaArzsizog ' oTlo,
Kr- -. =(TrP) -pyroxene -J.iguidocatLAL^o- ' osio^

)6 u . ";io;
. .. (4A)
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Although there is some evidence to the contrary regarding
variation of Ti with pressure (c.f. Thompson I L974) | the
AL/TL ratio shows a positive correlation with Pressure.
Experimental data (Fig. 5.21) from high pressure melts

20

kbors

FIGURE 5.21 Variation of A\/Ti ratio with pressure in clinopyroxene
from high pressure melting experiments on natural
(Thonpson, L974) and synthetic (Bultitude and creen,
f97f) basaltic systems. (Symbo1s the same as Fig. 5,f6).
Shaded area from partition experiments of Akella and
Boyd (f973).

(Thompson, L974i Bultitude and Green, 1971) have very high
AL/TI ratios. Akella and Boyd (1973) examined the partition
of Ti and A1 between co-existing silicates in synthetic Ti-rich
meLts and also showed a pressure dependence of AIrlTi (Fig. 5.21)
with values that approach those observed in McMurdo Volcanic
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Group pyroxenes (Fig. 5.221.

l. The Pleiades,
Variations of Al and Ti are erratic in the pyroxenes

(fig, 5,22). Pyroxenes from essexite (25668) have very high ri
and low AI which may ind,icate low pressure crystallization.
The pyroxenes, in terms of Ti and AI, are similar to tristanite
25666. Olivine from the essexlte is highly fractionated,
(FuaO_ag) whlle the chemistry (see discussion on page 194)

indicates they are cumulate in origin. The mineralogrlg thus
suggests they are probabLy high leve1 cumulates associated with
fractionation Lnvolving the formation of intermediate lavas of
tristanite and nepheline tristanite compositions.

K-trachyte (25687) has groundmass pyroxenes similar to
those from K-trachyte 25702, trachyandesite 25671 and peralkaline
K-trachyte 25699. All have low AI with variable AL/T! ratj.os
whlch may be Less than 3 and are considered low pressure in
origJ-n, Phenocrysts ln K-trachyte 25702 are variable their high
Al and Ti cores are possibly xenocrysts or alternatively the
appearance of feldspar after crystaLlization of the cores may

have resulted in'a rapid decrease in AL and Ti,

2. DVDP I and 2

DVDP pyroxenes have considerably higher AI and Ti than
those from The PIeiades, which probably reflects the extremely
undersaturated nature (i.e. Iow silica activity) of the DVDP

lavas compared to those from The PLeiad.es. Thus as discussed
above the lower silica activity favours high AI and, Ti in DVDP

Pyroxenes.
Although a pJ"ot of Ti versus Al (Fig. 5.221 for DVDP

pyroxenes is scattered the nepheli"ne mugeariter nepheline
benmoreite and benmoreite have lower AL/Ti ratios than the
basanlte and, nepheline hawaiite pyroxenes. This is as would
be expected and indicates a l-ower pressure of origin for the
pyroxenes from the dlfferentiated lavas. Xenocrysts in
nepheline hawatlte and nepheline mugearite have low Al and, Ti
but high AL/TI ratios. A high pressure origin could be implied
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from the experimental data of Akelta and Boyd (1973) (fig. 5.2I)
on AtrlTi ratios. The NarFe-rich cores, ds discussed above also
have high AL/TI ratios, usuaLl-y greater than other pyroxene
phenocrysts from the basanites and, nepheline hawaiites. By
comparison with the experimental work of Akella and Boyd, (f973)
(Fig, 5,2I) a pressure in the order of 25 kbars is implied,
this is in agreement with depths inferred from the NarO contents
(see page 111).

3. Mt Erebus

Pyroxenes from the anorthoclase phonolite lavas have low
Af/Ti ratios of about 3 (Fig . 5.22) , fhey probably crystallized
at Low pressures in the upper crust.

Sector Zoning

Sector zoning (Hollister and Gancarz, )-97L) is common

in groundmass pyroxenes and is rarely observed in microphenocrysts,
particuJ.arly on the rims. In DVDP basanite 2-103.15, a sector
zoned pyroxene was analysed (Appendix B), the (100) sector is
notably enriched in Ti and AI and depleted in Si relative to the
(010) sector. As discussed above AI and Ti is dependent in part
on the silica activlty. Nakamura (1973) has developed a theory
of protosite development to explain sector zoning in pyroxenes.
In undersaturated, magmas the Si;:AL+Ti substitution is more
efficient on the (100) growth surface and when rapid growth
occurs the zoning wilL survive as sector zones.

Further discussion on sector zoning of pyroxenes in
a McMurdo Volcanic Group basanlte from Ross Island is given by
Leung (1974),
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Cond.itions of Clinopyroxene Crystallization

The nature of the clinopyroxenes crystallizing from.
any magma is dependent on a number of factors such as silica
activity, oxygen fugacityf magma composition, temperature and
pressure. Although the composition of the rnagrma may be

important in defining the crystallization trend (Fig. 5.12),
this may not always be so. Barberi et aI, t (1971) have shown
that in rare circumstances a mildly alkalic basal.t may

crystalLize pyroxenes that have tholeiitic affinity.
CJ-lnopyroxenes in McMurdo Vol-canic Group lavas show two

contrasting trends;
L) a well d,efined augite + hedenbergite + aegirine

(acnriLe) trend in The Pleiades pyroxenes (Fig. 5.8);
2l a poorly defined diopside + salite trend (Fig. 5.10)

in D\DP and Mt Erebus pyroxenes.
Lavas from The Pleiades sho$r a trend towards silica saturation
with increased differentiation, whereas DVDP and Mt Erebus lavas
are aII strongly undersaturated. Silica activity must therefore
be a very important factor in controJ-ling the two pyroxene
trends. As silica actlvity decreases not only do the AI and Ti
contents in the pyroxenes increase but the degree of Fe

enri.chment also decreases. Oxygen fugacity controLs the entry
of NaFe3* in clinopyroxenes, but this is not important in most
lavas from the McMurdo Volcanic Group.

Amphiboles

Introduction

Ti-rich hornblende is termed kaersutite when Ti >0.50
ln half, the unit cell (0=23) and titano-hornblende if Ti <0.5
and >0,25. Kaersutite is subdivided, on the basis of

?r 'rJ-ylg/tfig t Fe"' + Feo' + Mn (mg), into kaersutite if mg >0.50
and ferro-kaersutite tf mg <0.50. Kaersutite is a common

constituent ln many McMurdo Volcanic Group lavas. It is one
of the maln mafic phenocrysts ln the sodic basanite-phonolite
lineages from The Pleiades and. in DVDP core samples.
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FerO, and FeO contents have been estimated. using a method

suggested by Aoki (1970). Charge balance procedure used by
Papike et a7. t J974) to determine the oxidation state of Fe

in amphiboles was attempted but mainly indicated total Fe was

present as FeO.

Occurrence

1. THE PLEIADES

Kaersutite occurs as one of the main mafic mineral phases

in the nephellne hawaiite and nepheLine benmoreite Lavas, but
no analyses have been made. ID the potassic series kaersutite
occurs in some K-trachytes and as microphenocrysts in the
trachyandesites, it also appears al-ong with tLtano-biotite as

a late phase product in the essexite inclusions. Oxidized,

xenocrysts(?) are seen occasional-Iy in other lavas' In the
K-trachyte, kaersutLte is oxidized to varying degrees and may

be represented by oxidlzed pseudomorphs.

E1even electron microprobe analyses of amphiboles from
five samples are'given in Appendix Br eight are kaersutite and

three ferro-kaersutite. Kaersutite was also separated from a
plagioclase-kaersutite-apatite pegmatitic (?) inclusion and

analysed for major, trace and rare-earth elements (Table 5.2).
The rnajor element analysis shows 0.608 P2O5r which is due to
J.ncl"usions of apatite. The rare-earth element geochemistry is
discussed in Chapter 7.

2. DVDP I A}ID 2

Kaersutite ls an important mafic mineral in all DVDP

lavas except the basanLtes. Phenocrysts and raicrophenocrysts
of kaersutite ln the nepheline hawaiite vary from euhed,ral
grains showing no alteration to grains which are strongly
resorbed and oxidised. In the nepheline mugearltes and

nepheline benmoreites, kaersutite microphenocrysts are invariably



TABI,E 5'2 Major and trace
The Pleiades.

I

38.75
L2.78
5,20
5. 35
9,62
o.22

l-0. 75
L0.90
2,68
0.87
0.60

97.72

Trace ELenents
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elenent analysis of kaersutite

Stnrctural Forru!-a*

5.859
2.LAL
o. 136
0.591
o,608
L.2L7
0,028
2,422
L.637
0,786
0.166
L,982

L7,573

from

z
Y
x

r"3+7r.2+

_ lOOMg
M9+Fer+l4n

8.000
5.002
2.589

0.50

56.6

Sio2
A12o3
TLOr
re253x
FeO
![:xO
lrgO
CaO
Na2O
Kzo
Pzos
Sum

8r2
404
IO

657
69

3.9
n.d.

160
4.3
r,0

r59
34
33
-3
4T

210
-6
20

-11

s1
AI
A1
'l' I

--3+
Fe2t
Mn

.ug
ca
Na
K
OH

Sum

La
Ce
Pr
Nd
Sm

Eu
Gd
rb
Dy
Ho
Er
Yb
REE

30
67
11.5
58
15. 1
3.8

L4.2
1.6
9.7
1,8
4.6
3.6

22L

nb
BA
Pb
Sr
Y*
rh
U
Zr*
Hf
Sit
Ml
Cu*
Co*
Ni*
Sc*
V*
Cr*
Ga*
B*

* Detocurinedt by B. P. Kohn using eud.ssion spectroscopyr aII other
trace elenents and Rf by spark source nass sPectrometry.

+ Analysls recalculated to 9gt apat!.te-free, and 2* water added
to nake total 100t. Structural fornrula based on 24 (orOH).

* ra3+r#.2t ratLo deternrinecl by Mossbauer spectroscopy,
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completely oxidized to pseudomorphs composed of small cubic
opaques. In some samples kaersutite may alLer to olivine +

augite + plagioclase + magnetite and possibly rh6nite.
Groundmass kaersutite is rare and has been observed as brOwn

strongly pleochroic Arains ln a few nepheline benmoreites and

a nepheline hawaiite.
Fifty. seven analyses of amphibole from DVDP cores were

made (Appendix Br Part 2l and all- but five analyses are
kaersutites. Two titano-hornblende and one ferro-kaersut,ite
were found as reaction rims on xenocrysts in nepheline hawaiite
2^62.4!. In nephelLne benmorelte 1-85.35r a xenocryst of
titano-tschermakLte was ana3.ysed.

Chemistry

The kaersutite has a near constant composition, the
greatest variation occurs in the mg index which ranges from
0.54 to 0.73 for the DVDP analyses and from 0.41 (ferro-
kaersutite) to 0.63 for The Pleiades (Fig. 5.23).

Al and Ti show only minor variations and there is a

slight tendency for Ti to increase as Al increases (Fig.5,24).
Kaersutite from The Pleiades has lower AI and mg index than
DVDP kaersutite. Ti decreases wittr increased fractionation,
being highest in'the nepheline hawaiite and lowest in the
benmoreite (rig. 5.24). Ti aLso correlates positively with the
mg index (rig. 5.23) .

Best (1974) has reviewed occurrences of amphiboles in
mantle-derived inclusions, He plotted Ti against Al for a large
number of such amphiboles and showed a wide spread of
compositions (Fig. 5.25). Kaersutites from McMurdo Volcanic
Group Lavas usually plot between fieLds of kaersutites from
shallow crustaL intrusions and mantl"e-derived amphiboles
(Fig, 5.25). Five analyses of kaersutite megacrysts from
basaltlc lavas given by Best (L974) overlap with the McMurdo

Volcanic field, but there is no concLusive evidence to indicate
these megacrysts are mantle-derived and they could have
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Kaersutite is easily oxidised and appears to be unstable
in most near surface environments. l{ith rare exception it does

not occur in the groundmass of lvlcMurdo Volcanic Group lavas.
Le Maitre (f969) concluded that kaersutLte in plutonic
xenoliths from Trist,an da Cunha broke down at water pressures
below 1.4 kbars. It ls J.ikely that kaersutite becomes unstable
in the upper crust (<5 km) r due to a drop in Pr, ., ds a magmat^2u
column degasses.

Kaersutite ls therefore an important potassium rich
accessory phase in the rnantle (Bestt L974) and is also important
as a fractionatlng phase in alkali magmas over a wide Pressure
range (Kesson and Prlce, L972), In the McMurdo Volcanic GrouP

J.avas kaersutite is believed to crystallize at temperatures
below IOSOoC and at pressures from l-.4 to L2 kbars.

Biotlte

Titano-biotite is a minor phase in some rocks from The

Pleiades occurring in the essexite incLusions and K-trachyte
(257021 (Appendix B). The titano-bLotite contains uP to 7*
TiOz which fills any cleficiencies in Al and Si in the Z site.
There is a marked increase in FeO* and decrease in MgO from
the essexite to the K-trachytei as would be expected from the
normal trend of Fe-enrichment of the mafic mineralogy with
increased differentlation.

In the essexlte, titano-biotite is a late stage
constltuent, and is in equilibrium with kaersutite. With
increased crystallLzatlon the fluid phase in the essexite
probably increased until- PH-o wa= sufficient to allow biotite
and kaersutite to crystall;Z;.

The K-trachyte has microphenocrysts of titano-biotite,
indicating Pn.o was h19h early in the crystalJ-ization history.
Hydrous minerfls are Lacking ln the groundmass of the trachyte
and the blotlte microphenocrysts show some resorption. The

biotite therefore may have formed under htgh Pr, .,, conditions in"2-
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a ctrosed upper crustal maErma charnber which degassed prior or
durLnE eruptl,on of the lava. Other K-trachytes from The

Pleiades show llttle evidence of hydrous conditions (apart
fron ttre appeariu.rce of kaersutite) during crystal.lizatiori and

cltff,e.rentlatlon r so that, the blotite-bearing trachyte and its
llcplJ.cation of, htgh toro is sf, mLnor lrnportance.
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Occurrences of Rhdnite in Alkslic Lavas of the McMurdo Volcanic Group,
Antarctica, and Dunedin Volcano, New Tnaland

PHrup R. Kvlr.
Department of Geology, Victoria Uniuersitl',

Wellington, New Zealand

exn RrcHlno C. Prrcr.'

Depanment of Geology, Unioersity of Otago,
Dunedin, New Zealand

Abstrrct

Occurrgnccs of rh6nitc are reported in alkalic lavas of the McMurdo Volcanic Group (Hut
Point Peninsula, Antarctica) and Duncdin Volcano (New Zcaland). Electron microprobe
analyscs incrcasc the range of composition reported for rh6nite, with the Antarcticexamples
having highcr TiOr, and the Dunedin examplc higher NarO than other terrestrial rhiinites.
Detcctable quantities of CrrOl (average 0.1 I pcrcent) and NiO (0.06 percent) are recorded lor
thc fint time. Thc rhdnite shows no compositional variation toward aenigmatite.

Introdmtion

Rh6nite is a groundmass constituent of lavas
at Hut Point Peninsula, Ross Island, Antarctica.
The mineral was discovered during an electron
microprobe investigation of core samples from two
holes drilled by_ the Dry Valley Drilling Project
(DVDP) at Hut Point Peninsula (Mudrey et al, 19'13:

Treves and Kyle, 1973; Kyle and Treves, 1974a). This
is the first reportcd occurrense in the McMurdo
Volcanic Group and also in Antarctica. In the
southern hemisphere the only other previously
reported oocurrense of rhdnite has been in the Otago
volcanics, New Zealand, where Benson (1939)
reported it as an alteration product after kaersutite.
The literature on rh6nite has been rcviewcd by
Cameron, Carman, and Butler (1970). Othcr re-
portcd oscurrcnses are in the Allende metcorite
(Fuchs, t97l) and mctaphonolite from Puy de Saint-
Sandoux (Griinhagen and Seck, 1972). The crystal-
lography has becn discussed by Walenta (1969). As
very few analyses ofrh6nite have becn published, the
elcctron microprobe analyscs reported here give a
further indication of thc range in composition.

Octrrrtwe
The Late Cenozoic McMurdo Volcanic Group

(Harringlon, 1958; Nathan and Schulte, 1968) con-

I Prescnt addrcss: Dcpartmcnt of Gcologt, School of Physical
Scicnccs, La Trobc Univcrsity, Bundora, Victoria 30t3. Australia.

sists of undersaturated alkaline volcanics which range
in composition from alkali olivine basalt and
basanite (basanitoid) to trachyte and phonolite. At
Hut Point Peninsula the lavas are basanites
(basanitoids). nephe linc hawaiite, nepheline mu-
gearite, nepheline benmoreitc, and phonolite which
range in age from 0.4 to greater than 1.2 m.y.
(Forbes, Turner. and Carden, 1974: Kyle and Treves.
1974b). Rhdnite occurs in unit 37 of DVDP l. units
12 and 13 of DVDP 2 (Treves and Kyle, 1973). and
units l0-15 of DVDP 3 (Kyle and Treves, 1974b). A
detailed pctrographic examination of surface flows
rcvcaled no primary rhdnite; howcver, a fine grained
mineral occurring as an alteration product of kacr-
sutite in some of thc lavas intermediate in composi-
tion between the basanite and phonolite may be
rh6nite.

Rhdnite grains in three samples (DVDP l-121.88
m; DVDP 2-9.34 m and 103.15 m) of porphyritic
olivine (Forr-rr)-titan-salite (Wo..-oti Fsro-,.,
En".-.) basanile (Table l) were examined by electron
microprobe (Kyle, 1974). In DVDP l-l2l.E8 m
rhbnite is abundant as euhedral prismatic
microphenocrysts which rarely reach 0.2 mm and
average 0.1 to 0.05 mm in length. Abundance
decrcascs in DVDP 2 samples where the micro-
phenocrysts are much finer grained (0.01 mm), arc
irregular and ragged in form, and occur in a sub-

ophitic groundmass of plagioclas€, pyroxene, and
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Tear-r l. Analyses and CIPW Norms for Dunedin and DVDp
Host Rocks in Which Rhdnite Occurs

l0-E amp specimen current (on periclase) and a beam
diameter of 1-2 pm. The empirical correction
procedure of Bence and Albee (1968) was used. Stand-
ards, alpha correction factors, and analytical tech-
niques are given by Kushiro and Nakamura (1970).

Typical analyses of three DVDP samples and one
Dunedin sample, and five previously published
analyses of rhijnite, are presented in Table 2. With
the exception of MgO and Cr2Oe, electron
microprobe scans across grains indicated a uniform
composition. Almost all the grains examined con-
tained detectable (detection limit was 0.03 percent)
Cr2Os and NiO, which is the first time they have been
analyzed in rhdnite.

Compared to other terrestrial rh0nite the Antarctic
samples show higher TiO2, NarO, and lower SiO,

T,ror-e 2. Analyses of Rhbnite

5!Q

AIaO'

1 iol
FetOr

F€

hc
ilqo
ca0
Na:O

K!o

arzOr

Nlo

VrOr

HtO+

aro -

23.8 23.7

l?.o 16.g

rt_utt-,

21.3_ 2t.L
o. 19 0.16

12.7 1t.05
11.8 r?.15
o. 96 0.9t

fl.d. 0.06

0,I0 0.04

23.2 26.58 24.82 24.42 t0.90 29.8 19.1
l?.4 13.35 L1.24 t't-X9 17.65 13.6 28.9
l2.o 10,?0 9.09 9,{6 8.04 10.2 15.8

9,48 11.69 6.80 2l.lT
20.9T ll.49T 15'98 lr.lt 15.20 - ).9r
0. 18 O.17 0-26 rr - 0. I

1,2.6 12.09 l0-6? 12-6: 9.08 1{.{ r5.7
12.2 t0,?3 u.97 1?.ll 12.20 ll-4 l?.8
a.a9 2.1t t.1z 0.61 0. ?6

- 3.0? 0.O2 0.63 0.51
o. t5

0, 01

Wt Percent

L2
CIPW Norms

LZ

sj.o2

TiOz

A12O3

Fe2O3

FeO

Iiho
Mgo
Cao
Na2O

Kzo

Pzos

H2O|

Hzo-

Total

47.5'1 4L.72

2.2t 4.18

L6.47 13.03

4.27 4.25

7.32 7.66
0.2t 0.ls
3.47 12.03
6.68 11.47
5.52 3.03

2.16 L.49

0.82 0.85

2.43 0.08r
n.42

0. l-5

100. ro 99.9?

or 12.75

Ab 30.57

An 13.78

Ne 8.74

Di 11.48

or 7.Q7

r1 4.20

Mt 6.19

Ap l-. 90

Other 3.40

Total 100.09

8.80

3.79

17.55

II.84
25.66

15. 18

7.94

6.16

1.97

0. 08

99.97

1. Nephel-ine hawaiite; PuIling point, Otago
Harbour, New Zealard,

Basanite (mean of 3 analyses); DVDp J. and
2, llut Point Peninsula, Antarctica.

Loss on ignition l000oc.

opaques. In DVDP 2-99.34 m the rhdnite is usually
intergrown with or surrounded by groundmass
pyroxene. In the Dunedin District, South lsland.
New Zealand, rhbnite occurs within alteration rims
on kaersutite crystals which, together with
titaniferous augite, olivine, minor intermediate
plagioclase, apatite, and titanomagnetite, makes up
small (l cm) coarse-grained xenoliths in a nepheline
hawaiite flow at Pulling Point in Otago Harbour. The
host rock (Table l) is composed of a groundmass of
plagioclase (Alt..-uo), pale green clinopyroxene, inter-
stitial nepheline, and homogeneous titanomagnetite
in which are set phenocrysts of oscillatory and sector-
zoned titan-augite, olivine (Foro), and kaersutite (a :
pale yellow, 0 = pale reddish brown, 7 = pale red-
dish brown).

Grains of rhbnite are too small to allow determina-
tion of precise optical properties. In standard thin
sections it is opaque but in thin sections less than 20
pm thick it shows strong pleochroism from deep
greenish brown to opaque, similar to that reported by
Cameron et al (1970) and Walenta (1969).

Composition

Analyses were made using a JEor- lxe,-se electron
microprobe with l5 kV accelerating potential, ?-3 X

N|&r of CatloDB d rhe Aasis of 4O(O)

6.{S4 6.36? 7-?85 6,674 6.5t5 8.0J?
5.41? 5.6?a {.285 5.154 t.4{l 5.{OA
2.4{B 2.476 2.j,gr 1.819 1.90{ 1.57?

- 1.919 2.35{ l-130
4.405 4.791 5.121 3.t91 2.5{9 3,1O4
0.03? o,o{2 0.039 0.060
5,122 5.t55 {.909 4.271 5.0t5 t.5l?
1.s61 1.587 2.9S t.{48 3-564 3.398
0.ald 0.4?4 ].tt6 0.17t 0.34€ 0.381

o.oo5 0.m6 0.zrs o.to2
0. oll 0.032
o.009 0. m7

99. {5

5.502

4,492
o, o{4
5,199
3, {72
0.5It

o. c2:

- o.ol
- 0, l5 - o.20

99.7{ 100.69 IOO-56 IOl,{4

o.?

100,7 1O1.0

S1

T1

u9

NA

xi

ON

Y

x

ss

12.@o tl.90I 11.995 12.O00
12.591 12.61{ 12.5s t2.ll2
1,901 4.o7t 4.051 4. I07

2A-s7{ 2B.610 :8.555 28.439

0.006
0.628 - 0. 3,1?

u,00o ll.9?6 12,m0 lt,7o0
11.€12 11.8{2 11.163 11.53{
1,829 {.}2? t.983 l,lt8

21-661 27.945 27.146 26.152

7, 60a
4. O92
1.954

{. ol3

o- o22
5.481
3.118

4.?88
s.938
3. 167

0. 398

5.067
4.808

o. iot

t2.m0
r0,699
{.8m

21 .707

(l) OW I - 121.a€ 6i rFRsstatlw dilysis.
(21 DW 2 - 99.74 hr Epresentarik orlysjj.
{l) ghP I - 103.15 br Fpt€s€ntat:v€ ualysl6.
(4) PuUkg Point, Gago brtu, Mln, Nee 26aLedt; repre*nlat1E

d!Iy5ia.
{5} gig end, Tehs {C@rs, Ca@ &d Sutler, l97O).
(6) e-et, GellEy {hllner, }9O?).
(?l Saint Ssdoxr Esce (hcr6ix, l9o9l.
(a) [a$e-bir€, Edc€, eleclrfi Eicroprcb {olysis (Brbhlne. d al. 1967),
l9) llfen& rlcorito, electr@ 6lcFprd s.lysis (FEhs, l97l).

T - total i@ ex[Eer*d & Eeo or roro!, c.at- = not deteeed (<o.o3l].
- = not d€tednd.
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contents. The Dunedin rhiinite is noticeably enriched

in NarO with a related deficiency in CaO, compared
with the other analyses. Total iron is slightly higher
than previously reported in other rhdnites, and the

other elements fall within the established timits'
Rhbnite in the Allende meteorite (9, Table 2) differs
markedly from the Antarctic and Dunedin samples

and from all terrestrial samples, particularly with
regard to total Fe.

Structural formulae were calculated on the basis of
40(O) as recommended by Kelsey and McKie (1963)

and Cameron et al (1970). The ideal formula of
XaYpZpOao requires a total of 28 cations; however,
rh6nites 1,2,3, and 4 (Table l) all have cation totals
exceeding 28 with an excess of I cations, thus in-
dicating that the Antarctic and Dunedin rhdnites
probably contain Fet* in the formula. The amount of
FezOs necessary for the DVDP samples and the
Dunedin sample to achieve stoichiometry (i.e., a cat'
ion sum of 28) was calculated (Table 3); an average

of about 8 percent Fe,Or is indicated for the DVDP
samples and about 6 percent for the Dunedin sample.
Noticeable, however, is the decrease in the Z cations
(Si+Al) while I/ still exceeds 12. This implies that
there may be a significant amount of Fe8+, as sug-
gested by Cannillo et al (1971) for aenigmatite, or Ti
in the tetrahedral Z site.

Cameron et al (1970) discussed the suggestion of
Fleischer (1936) that rhiinite and aenigmatite form a

substitution series. The rh6nite examined in this
study shows no evidence of compositional variation
towards aenigmatite and thus strengthens the sugges-

tion of Cameron et al (1970) that there is only

limited solid solution at magmatic temperatures.

Discussion

The crystallization of primary rhbnite like the
isomorphic aenigmatite (Lindsley, 1970; Hodges and

TesLe 3. Recalculated FezOs and FeO assuming Stoichiometry

of Rh<inite in DVDP and Dunedin Samples

smple nunber*

Tnslr 4. Oxygen Fugacity, Temperature, and Silica Activity
Calculated for the Groundmass of DVDP Basanites

sepre bgnettE rhnite olivine toc
Nu|b€r UsP lr h lr Fa t

Iog fo2 Iog asio2"

2 - 99.3{
2 - 103.15

- 1r.5 - 1.05
- tL,8
- l2.o - l.l2

r hgDetite ad ildn.ite electM Dicloplobe ealyss recalculateal
to end @nbers uslng @thod of catuichael (1967).

.r CalcuLated uslng the roactid
2/3 FerOl + SiO2 = ?e2sioc + l/l O (Nicholls et al

22 985
- 970

22 955

58. ?

Fe2O3
FeO

Analysis total

cation totals

7.89

ttt*

6. 10

*r*

r1 .912
LZ. VJZ
4.O37

8. 45 "l .7A
13. 4 13. 9

100.6s 100.33

Barker, 1973) is probably controlled by such factors as

oxygen fugacity, temperature, and the activity of
silica and titanium. In the Antarctic samples, es-

timates have been made of oxygen fugacity and

temperature (Table 4) using co-existing groundmass

magnetite-ilmenite pairs (Buddington and Lindsley,
1964) that probably crystallized at the same time or
later than the rhilnite. Silica activity (Table 4) was

calculated using the above data and the composition
of olivine in the groundmass or at the rim of
phenocrysts (Table 4). Both oxygen fugacity and

silica activity are typical of basanites and nepheline-

rich basaltic lavas (Anderson, 1968; Carmichael and

Nicholls, 1967; Carmichael, Nicholls, and Smith,

1970). Crystallization of primary rhdnite cannot
therefore be explained in terms of unusual

temperature, oxygen fugacity, or silica activity.
ln the Dunedin nepheline hawaiite, rhdnite has ob-

viously formed as a result of reaction between earlier

formed kaersutite and the undersaturated host liquid.

Groundmass oxides are homogeneous titanomagnet-

ites, indicating generally low /O, conditions (Wat-

kins and HaggertY, 1967).
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SpineI

Introduction

Magnetite or its oxidation products are the most
important spineLs found in rocks of the McMurdo Volcanic Group.
Chromium and aluminium rlch spinels are found in the DVDP

basanite Lavas.
Most of the magnetites examined, contain appreciable

titanium and are more correctly termed titanomagnetite.
Titanomagnetite is part of a solid solution series between
ulvospineL (FerTlOn) and magnetite (Feron). Analyses are given
in AppendLx Bt Fe2t, Fe3* and uLvospinel (Usp t) content in
the magnetite has been caLcuLated using the procedure of
Carmlchael (1967). Any low analytlcal totaLs (<98e) after
cal"culation of Fe2l and F"3+, usuall.y indicate the grains are
oxid,l-sed (i.e. maghemite), For the spinels other than
titanomagnetites, total Fe has been assigned to Fe2t and Fe3f
on the assumptJ-on of a formula n2+nl+on wlth dissolved. ulvo-
spJ-nel (FerTiOn ) .

O,ccurrence and Composition

1. THE PLEIADES

Magnetite occurs in most rocks, often however it shows
evidence of J.ow temperature deuteric alteration to maghemite
(Wakins and Haggerty I L967 ) and it may also have oxidation
fexsolutionr LamelLae of lLmenite (Fig. 5.33); equivalent to
Index II or III of the oxidation ind,ex of Watkins and Haggerty
(1967) . In peralkaline K-trachybe 25699, the opaque grains are
aLL titanohematite, while in K-trachyte 25687 most grains are
rnagheml.te. K-trachyte 2567\ is nod,eratel-y oxldised and the
magnetite contains abundant l-ameL1ae of ilmenite (Index III) ,
and was not analysed. In the unoxidised lavas there is no
systematic variatlon of Usp ? wLth increased differentiation.
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Magnetite from trachyandesites 25703 and 25661 have high
A12O3 (8.92-2.92, and MgO (6,52-2.62) but this decreases in
more dlfferentiated lavas,

2. DVDP I AND 2

Magnetite and other opaque minerals (mainly chrome spinels)
occur predoml.nantl-y as microphenocrysts or in the groundmass. In
nephellne hawaLLte 2-70.4I m, rare resorbed phenocrysts of
magnetlte occur,

In contrast to The PLeiades, magnetite in DVDP lavas show

no evidence of oxidatlon or llmenlte exsoLution. Compositions,
particularJ-y in the basanites, are extremely variable and range
from spJ.nel to chrome spinel and magnetite (Figs 5.27; 5.28).
Recalcul-ated spJ.nel end.-members (Appendix B) show a maximum of
44, J.8 hercynite (FeO.AL2O3) in basanlte L-121. 88 m; 38.28
chromLte (MgO,CrrOr) in basanlte 1-187.64 and 55.19 spinel
(Mgo,AL2o3) in nepheline hawaiite 2-62.41 n. with increased,
differentl-ation the magnetites move ar{ay from the chromite and

spinel apex of FJ-gure 5.27 and approach the magnetite-ulvospinel
join. As Tio2 (1,". ulvospinel) increases, MgO and AI2O3 decrease
and show a good negative correlation (Fig. 5.29),

In nepheline benmoreite 2-54.72 a groundmass magnetite is
similar Ln composJ.tion to magnetite resulting from oxid.ation of
kaersutite. MLcrophenocrysts are however distinctly richer in
uLvospinei. and therefore suggest that a proportion of the ground-
mass magnetite may not have crystallized from the magma but
rather result from kaersutite oxidation at near surface
condLtions (<S km, see discussion above on kaersutite stability).

TLtanomagnetite in the basanLtes occur as microphenocrysts
or In the ground.mass, lt rnay also rim chrome spJ.neJ. micro-
phenocrysts. Electron mJ.croprobe scans indicate these Cr and

Al-rich spinels are extremely strongly zoned.
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Chrome Spinels

Inclusions of chromite and chrome spinel in olivine are
known from many LocaLlties. Spinels intermediate between the
Cr-rlch spineJ-s and Ti-rich magnetites are however rare in
lavas and have been interpreted as resuLting from reaction
between Cr-spinel-s and the magrma as temperature, pressure and

liquid composltion changed (Gunn et aL.t L970; Evans and Moore,
1968; RidS.ey et al . r L9741 , Studies of lunar spinel-s
demonstrated, an extenslve and complex solid soLution between
chromite and ulvospJ-nel- (Haggerty,1-972l . H111 and Roeder
(L974) have shown J.n meltj.ng experiments of tholeiitic basalts
under controLled fO., that there is a compositional solid solution
between chromite and titaniferous magnetite. Recent studies of
splneLs ln tholelitic (Thompson, L973+) and alkalic (Arculus,
L974) Lavas suggest that solld solution ln spinels similar to
the lunar spinels may also occur in terrestriaL Lavas.

In the DVDP spineJ.s there is a continuous trend in MgO

from Lt to 158 (fig.5.291i AL2O3 also shows a near continuous
trend from 2E to 322 but there is a smaLl- hiatus between 16.6t
and 22,9* (Fig, 5.29), CrrO, content has a very bimodal
dlstribution and. is restricted between 0* to lIB and. 289

to 324 (fig.5.291, The large break in the CrrO, content of the
DVDP spinel.s may indicate reaction between early chromite and

elinopyroxene, similar to that suggested by Irvine (1967). HiIl
and Roeder (Lg74) found in tholeiitic melts at f,--<10-8 atrrl.,
'the crystallization of early chromite is int"ttl3ted by the
crystal-lLzation of cUropyroxene" but at lower temperatures
titaniferous magnetj.te crystallizes, thus clearly indicating
reaction, Continuous trend,s for MgO and A1rO, ln DVDP spinels
suggest the opposite and lndicate solid solution. Lt is
suggested therefore that solid solution has occurred between
ulvosplnel- and MgrAl rich splnels, but there may be a field of
Cr inmisclbll-J-ty.

An interesting feature is the Cr-poor spinels alL occur
as inclusions in olivine and pyroxene phenocrysts, while the
chrome spJ-nels occur both as inclusions or as nicrophenocrysts.
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Although the microphenocrysts of spinel are sma1l it does not
necessarily imply they were late in crystallizing, in fact the
opposite is probably the case. Hill and Roeder (L974) suggested
the small size of chromite crystals results because chromium is
enriched by about L000 in spinel relative to the magma and

therefore it "has to draw from a much larger volume of liquid
to grow to a certain sizer'. Because the Cr-poor spinels have

higher Ti than the chrome spinelsr they probably crystallized.
Later than the chrome splnels, however it is puzzJ-ing that they
do not occur as mj-crophenocrysts.

Basu and l'lacGregor (f975) discussed the chemistry of
chrome spinels from ultramafic xenoliths and concluded that
the ratJ.o Cr,/ (Cr+el+re3+1 in splneLs increases with pressure
or depth of origin of the xenolith. The Cr-rich spinels from
DVDP basanites are slmiLar in composition to those analysed by
Basu and MacGregor (L975) (Fig, 5,30arb) and they may have

crystall.ized at pressures in excess of 20 kbars (fig. 5.30c).
In summary the spinels are probably the liquidus phase

in the DVDP basanites and show some evidence of solid solution
with ulvospJ-ne3-. They are beLieved to have crystalll-zed, in
the upper mantle,.

3. MT EREBUS

Titanomagnetite is ubiquitous as resorbed cubic euhedral
microphenocrysts of nearly constant compositionT averaging
U"p6g.S (range U"p7O.7 to UsPUr.U). Weak zoning was noted in
only one sample (see Chapter 8).

ILmenite

Ilmenite occurs as microphenocrysts and in the ground,rnass

of some basLc and Lntermedl,ate 1avas, Oxldised magnetite from
The Plelades also have ilmenite lameLlae. Analyses of DVDP and

The Pl"elades ilmenite are glven in Appendix B. Mgo content is
higher ln the DVDP ilmenJ.tes othe:rtJ.se the overall compositions
of DVDP and The PLeiades Ll-menltes are sLmilar.
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Feldspar

Introduction

Partial el-ectron microprobe analyses of feld.spar for
CaO, NarO and KrO were made and plotted on feldspar ternary
dlagrams, a few complete analyses are listed ln Appendix B'
Often lt is not posslbl,e to pJ.ot al-l anal-yses because of the
htgh density of pointsi representative anaLyses are however
plotted and these indlcate the range in compositions.

Occurrence and Composition

1. THE PLEIADES

Plagioclase phenocrysts are rare in the basaltic and

intermediate Lavas, although in nearly all samples groundmass

and, microphenocrysts occur. Usually most feldspars are zoned
and show normal, reverse and oscillatory zoningr aLthough there
is always an increase ln or from core to rim.

Labradorite (ArS0_62) ls the dominant feldspar in
essexlte 25668 | but a very large range of compositions through
to potassic sanldine (Orrr) (rig. 5.31) occur as rims and in
late stage lnterstit,ial patches. A syenite inclusion in
nephelJ-ne benmoreite 2569L consists mainly of sanl-dine (Tab1e

5.3).
Trachyandesj.tes 125703, 2567L) have labradorite and

andesine plagiocl-ase with rare alkali feldspar in the groundmassl

normative feLdspar compositLons have higher Or and lower An

components than modal feldspar (fig. 5.3I), Tristanite 25266
has plagioclase ranging from labradorite to oligocl-ase, but no

alkali feLdspar. Some of the Labradorite Ls xenocrystic.
Alkali feldspar becomes more dominant in the nepheline

benmoreite and K-trachyte and is the only feldspar ln peralkaline
K-trachyte 25699 (rtg. 5.31). K-trachyte 25687 has andesine
(AtlZ-at) phenocrysts, anorthocLase (An19Ab67Or14) and sanidine
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felclspar in lhe Flelades sanples. Ns:nnatlve feldsBar
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TABITE 5,'3 Analy'ses of feldl,qpar from :[he FleLades

sto
Alaos
rtoe
Fe2O,3*
l&o
,!lgo
eaO
Na2O
Keo

Total

tfluniber sf eations

llole tL

ea
Na
K

I
67,20
18,94
0.03
0.36
0,04
,0,2g

0"37
7,45
5,40

1Oo, 07

on the basis

L1i954
3.968
Q.0o5
o.050
o. olJ.
Q,075
0"075
2'565
I,218

L5,9:22
3,999

19,921.

2

64.85
L8.92
0.03
o!t5
0" 02
0.16
0,54
6.,13
7.57

98.37

of, 32 (0)

11.853
4,479
0.005
o.023
o.011
o.o&4
0.110
2.L75
I.'758

15.932
4.L25

20,O57

si
A1
Tt
Fe
lln
ug
ea
N,a
K

z
x

l.g
66.5
31.6

2.1
53,8
43.5

Elrcni.te Lnclusiontr, Alkall feldspar seParated fron
nepbelJ.ne bennoreite 2559I.

2r Atkall feldlspar xenocryst ln basanlte 25682'

BotJh analysed by standarril t(HF and iNA technlques.
*'Total Fe as Fer0r.

In
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(Otgg_aS) occur in the groundmassi the normative feldspar
is however sanidine (orgg) (Fig. 5.3L). The other analysed.
K-trachyte 25702 has ferdspar whlch spread continuously from
andesine (Ange ) through to sanidlne (ora8) (Fig. 5.31) .

2, D\DP 1 AND 2

FeJ-dspars Ln the DVDP lavas occur only as microphenocrysts
or In the groundmass, It j.s lacking ln many of the glassy
basanite sampl-es but when present usuall-y occurs as microlites
or inciplent groundmass crystals and has a bytownite-labradorite
composition (e.g, I_-J-2l.BB, F.ig, 5.32). Although the nepheline
hawaLites (2-62.4L, 2-70.4L) have normative andesine, their
modaL feldspars are maJ-nly Labradorlte (An5o_60), there is a
short trend towards a more or rich composition. Nepheline
mugearlte 2-39.28 and nepheline benmoreite 2-54.72 have
microphenocrysts of andesine (An4g_5g) r minor sanidine occurs
in 2-54,72. Nepheltne benmoreites L-57.94 and A and. benmoreite
1-131,66 have slmilar andesine (MZZ_qq) which has higher Ab
than nepheline benmoreite 2-s4.72, There is not a continuous
trend of Or enrlchment with increased differentiation of the
rocks, Nephellne benmoreite L-85.35 has a differentiation
index that lies between 2-54,72 and r-s7.94, yet the feldspars
show a much broader range (Fig. 5.32). pyroxenes also are more
fractionated ln 1-85.35 than the other benmoreites (Fig. 5.32)
and this plus the feldspar development may be reLated to its
occurrence as a dike and J-ts probable longer and slower period,
of cooling.

3, MT EREBUS

Anorthoclase phenocrysts are the major mineral- phase in
the glassy anorthoclase phonollte lavas; their chemistry is
discussed beLow (see Chapter 8).

Plagioclase feldspar was separated, from porphyritic
nephellne hawaiite and nepheLine benmoreite lavas from the
Erebus centre, analyses are given in Tabl.e 5.4.
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FTGTJ&E 5.32 Partial electron mioropuobe aaelyses of ferdsp,ar
ix DVDF samplee. Sampl.e witboet a Label. in lrdddle
of, top row tis a neplrelile berurcrej.te frqi an unlrnown
ilepth in DVDP L.
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lavas,
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of plagloclase

2

fron Erebus centre anil Mt Diseovery

S{o2
TLO2
AlzOg
FeO*
MnO

Mgo
CaO
Na20
Kzo
LOSS
Total

Rb
BA
Sr
Zn
Cu
Nt
v
Cr

Nunber of

s3 .57
0. 25

29.57
0.54

o.r2
LO.77
4.90
o,66
0, 07

99.38

4

58.3I
0, J.8

25.82
0.32

7.23
6,20
r.34

99,40

<L
5t8

29L3
8

L0
<5
<2
<5

32 (O)

10.5L6
5.490
o.o24
0.048

L.397
2. 168
0,308

16,080
3.873

lg.g53

36. L
55.0
8.0

5

59.18
0.l-8

25.56
0.33

6.55
5.29
L:3e

99.48

10.633
5.414
0,024
0.050

r.261
2. r91
0,3r9

16. I20
3.77L

19.891

33.4
59.1
8.5

53.63 53.96
o.2g 0.L3

28.56 28.42
o.72 0.34
0.01
o.L1 0.10

10.78 r.0.84
4.84 4.85
0.70 0.50
0.03 0.04

99.70 99,54

catLons on the basis of

si
A1
Tt
Fe
!{n
Mg
Ca
NA
K

z
x
Sum

Ca
Na
K

9.764 9 .803
6.130 6.L72
0.040 0.018
0,Lro 0.052
0.002
0,045 o.o27
2.103 2.110
1.709 1.708
o.153 0.116

16.091 L6.O72
3.975 3.934

20.066 20.006

52.9 53.6
43.0 43,4
4.1 2.9

9.774
6.L46
0.034
0.082

0.033
2.105
r.734
0. r54

16.068
3.994

20.062

52,7
43.4
3.9

FeO* total Fe as FeO

L. Nepheline hawaiite dlke (2575el7 Tryggnre Point.
2, Nepheline hawaLlte (257781, Fqlg Ridge,
3, NephelLne hawaLite (25754'1, Turks Head.
4. Nephellne bennoreite 1257481, Tent Island,
5, Nephellne bennoreLte (P23015) r Mt Discovely.
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Summary and Discussion

Feldspars in The Pleiades and DVDP suites show a
continuous range in compositions from bytownite-labradorite
to sanidine. In the intermediate compositions, feldspars
overlap in composition, even though their bulk rock compositions
differ. Keil et a.I ,t Q972) found phenocrysts from Hawaiian
gSelgiitLc and alkaLl suites also overlapped in composition.
Wlthin any one sampS-e the greatest range in feldspar composition
occur in the slower cooled Intrusive samplesr namely a DVDP

dike 1-85.35 and The PLeiades essexlte 25668.
Feldspar l-s not an important phenocryst phase in the basic

and J.ntermediate lavas from The Pleiades or DVDP and is unlikely
to be invoLved with fractl-onation processes. In the trachytic
J-avas from The Pleiades and the phonolites of Mt Erebus. alkali
feJ.dspa4, particul-arLy sanidine and anorthoclase, are the dominant
phases and contribute significantly to the differentiation
processes and bulk chemistry of the lavas.

Mod,al feldspar shows some disagreement with the normative
feJ.dspar used to classlfy the lavas, The trachyandesites and,

nepheline hawaLites were cLassified on their normatlve and.esine,
however modal pJ-agioclase ls typical.ly labradorite, Similarly
the nephelLne mugearites have normative oligoclase yet modal
feldspar is andesine.

Feldspars j.n McMurdo Volcanic Group rocks are similar to
those found in differentiation sequences of alkali volcanics
from other areas (e.9. Hawaii, Keil et al.r 1972; Dunedin
Volcano, Price, 1973).

Apatite

ApatJ.te occurs as microphenocrysts and in the groundmass

of baslc and intermediate lavas and is often found. as inclusions
in kaersutite and magnetite. Four analyses from The Pleiades
and flve from DVDP (Appendix B) show no significant d,ifferences.
The rapid decrease ln PrO, content from tristanite to K-trachyte
in The Pl"el"ades suggest apatite Is removed during fractional
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crystaLlization. As apatite contains high concentrations of
rare-earth el-ements (REE), its fractionation will have a major
effect on the REE chemistry (see Chapter 7).

Baddeleyite and Zircon

fiso small (up to 30 Um) grains of baddeleyite which occur
as incluslons in a small grain of magnetite from essexite 25668,

were found uslng the electron microprobe (Fig. 5.33) . Spectro-
meter scans j.ndicate the presence of only Zrr Hfr Fe and Ti
(ftg. 5.34), the latter two probably result from fluorescence
of the magnetlte, Baddeleyite is a conmon accessory phase of
l"unar basaLts and may be more conmon in terrestrial rocks than
the llrnited number of reported occurrences suggestr but has

been overlooked because of its small grain size (Keil and

Fricker I L9741,
Zircon (ZrSion) was positively identified only in

K-trachyte 25702, Minute needles of a mineral that is probably
zlrcon were seen as inclusions and in the groundmass of some

nephelJ.ne benrnoreites and phonolites from the Erebus volcanic
provlnce and in K-trachyte and peralkaline K-trachyte from
The Plelades. Ztrconium has concentrations in excess of 1200

ppm ln most of these late d.ifferentiates and would. therefore
be expected to crystallize as zircon.

Pyrrhotite

Pyrrhotite occurs as small round blebs in magnetite in a

wide range of lava types. The only complete analyses are of
grains Ln anorthoclase phonolite from Mt Erebus (see Chapter
8). Other occurrences incLud,e in nepheline tristanite 2566L
from The Pleiades, nephelLne benmorelte L-57.94t nepheline
hawalite 2-62.4L and severaL basanites from DVDP, Partial
analyses suggest up to 0,568 NiO in the DVDP pyrrhotites whereas
those from Mt Erebus are pure pyrrhotite consisting only of
Fe and S.



L52.

FIGURE 5.33 Electron beam scanning photograph of two srnall grains of
baddeleyite (zr02l (white) included in a grain of
titanonagnetite lgrey) with ilurenite (dark grey) exsolution
lamellae from essexite inclusion (25669), The pteiades.
Scale 10 rnm = 15 Um.

FIGT'RE 5.34 X-ray scanning inage
baddeleyite shown in

of Zr in the right of two grains of
Fig.5.33.
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F'eldspathoids

Most ro,cks of the l{c&lurdo VolcanLc Group are
undersaturated and normatlve nepheline $ay reach ?418.

Feldspatholds have never been positiveiy identified in
thln Eectlonr although nephelJ,ne is often detected by

Stal,nlng, x-ray dlff,raction or electron nlCtoprobe ln nany
. lava tyBes" In the nepheline bentnorelte dLke sample

1-85.35 frorn DVDP sodali.te Ln the. Eroundrnass was paritially
anaf,ysed (Table 5,5) "

TABI{E 5.5 Part{al analyses of soctalL,te flon DIIDF 1-85.35

234

Cao 0.06 0.:04 0. os o.05

Na^o 25.8 26.2 25.8 2?.6z
KzO O.O5 O.O3 0,O5
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PHYSICAL

CHAPTER SIX

AND THERI{ODYNAIVIIC PROPERTIES

Geothermometry

Introduction

In recent years many methods for the determination of
mineral crystallization temperatures have been developed (see

sunmary in Carmichael et a7., L974 p.78). Temperatures of
several rocks studied have been determined using four mineral
geothermometers. Each method is discussed separately below.

MAGNETITE-III4EN ITE GEOTHERMOMETER

Temperature and oxygen fugacity can be determined from
coexisting magnetite-ilmenite pairs using the experimental
calibration of Buddington and Lindsley (1964). This geo-
thermometer has found wide application (Carmichael, L967i
Anderson, L968 ,and others) and has an accuracy of t30oc
(Buddington and Lindsley ' L9641. The magnetite and ilmenite
analyses were recalculated using the procedures of Carmichael
(1967) (see Chapter 5 and Appendix B) and the temperatures
were determined using the calibration curves of Buddington
and Lindsley (1964).

Magnet,ite is contmon in the alkali volcanic rocks ' but
coexisting ilmenite is rare, and when present often occurs
in the groundmass. !{agnetite and ilmenite are readily
oxidised and if this has taken place the calculated temperatures.
and f^ are lower than values obtained for non-oxidised crystals.

tJ a1

Ifi some samples there may be a range in compositions of
magnetite and ilmenite in which case either average compositions
or the compositions of magnetite and ilmenite grains in
contact were used.

1. The Pleiades
Three samples contain both magnetite and ilmenitet

however only one, a K-trachyte (25687) gives a realistic
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temperature of 1020oC (Table 6.1). In the essexite (25568),
magnetite showed oxidation exsolution (Fig. 5.33) and although
these grains were avoided for analysis late stage re-
equilibration appears to have affected aII grains. Magnetite
in tristanite 25666 has been oxidised to maghemite' accounting
for the low temperature (Table 6.1).

2. DVDP 1 AND 2

Magnetite-ilmenite temperatures were calculated, for six
samples (Tab1e 6.1). Three temperature estimates were
calculated using groundmass magnetite and ilmenite in the
basanites (Table 6.1) and indicate conditions during the
final stages of crystallization. Estimated temperatures in
the nepheline hawaiites are 880oc and 1010-102OoC (Table 6.I).
The lower value of 880oC for sample 2-62.41 probably results
from oxidation of the FerTi-oxides, the higher value in
2-70.41 was determined on microphenocrysts and indicate
conditions during the later stages of crystallization. A

temperature of tIIOoC for nepheline benrnoreite (Table 6.1)
appears very high especially as it was determined on micro-
phenocrysts thqt occur in the groundmass.

OLIVINE-CL INOPYROXENE GEOTHERMOMETE R

Powell and Powell (L974) formulated a geothermometer
based on the exchange of iron and magnesium between olivine
and" calcium-rich clinopyroxene and calibrated it against
temperatures from magnetite-ilmenite pairs. Because of the
rarity of ilmenite in alkali lavas, the olivine-clinopyroxene
geothermometer could become very useful, but further calibration
may be necessary.

To use the geothermometer the Fe in the clinopyroxene
must be apportioned, to Fe2+ and Fe3+. Powell and Powell
(1974) suggested a scheme for doing this and temperatures
calculated this way are given in Table 6,2. Temperatures
have aLso been calculated using the Fe2+ and Fe3+ values
determined by charge balance procedures (see page 93 ). There
is exceptionally good agreement in the temperatures obtained
for the two methods of pyroxene recalculation (Table 6,2).
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Four temperatures have been estimated for each sample

using the extremes in compositions. Phenocryst core and

either phenocryst/microphenocryst rim or groundmass compositions
were used (Table 6.2). Olivine and clinopyroxene from Mt
Erebus show no compositional variationr therefore only one

temperature was calculated.

1. The Pleiades
Temperatures calculated using rim compositions for two

trachyandesites are 1t00oC and 1050oC' while tristanite,
nepheline tristanite and K-trachyte all have similar rim
temperatures of between 990oC and 1000oC (Table 6.2). Core
temperatures are generally lower than those calculated using
rim compositions,

2. D\IDP I and 2

Four basanite samples have temperatures of 1010 to
1020oc. These were estimated from rim compositions and are
lower than those from the cores of crystals. Magnetite-
ilmenite pairs in the groundmass of three basanites give
temperatures in reasonable agreement with the rim olj-vine-
clinopyroxene values, although the latter are always higher.
The olivine and pyroxene analyses are of rims on phenocrysts
and microphenocrysts which probably crystallised earlier and

at greater pressure than the groundmass magnetite-ilmenite.
This earlier crystallization could account for the slightly
higher olivine-clinopyroxene temperatures.

3. Mt Erebus
Olivine and, clinopyroxene microphenocrysts are uniform

in composition and give six similar temperatures which average
990oC (Table 6.21 .

Discussion
The olivine-clinopyroxene geothermometer gives temperature

estimates for rim and groundmass compositions that agree
reasonably well with groundmass magnetite-ilmenite temperatu.res.
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Good agreement could be expected as the geothermorneter was

calibrated using groundmass magnetite-ilmenite temperatures
(Powe11 and Powell, L974') .

Calculated temperatures are pressure dependent so that
a correction (see Table 6.21 must be applied for the depth of
crystallization of phenocrysts. No correction is necessary
for temperatures calculated. using rim or groundmass olivine-
clinopyroxene compositionsr ES these presumably crystallise
at pressures close to I bar (i.e. quench conditions) '

In the intermediate and trachytic lavas from The PLeiades
a maximum pressure for the crystallization of phenocryst cores
is estimated. to be 10 kbars (i.e. near the base of the crust).
When this correction is applied the core temperature in
trachyandesite 2567I (Table 6.21 is still lower than the
temperature calculated using rim compositions. Further
calibration for pressure effects may be necessary'

PI,AGIOCI,ASE GEOTHERMOMETER

Kudo and WeiII (1970) developed an empirical geothermometer

based on plagioclase-magmatic liquid equilibrium. Subsequently
Mathez (1973, L974 personal communication) has suggested

several refinements.
Temperature calculations on McMurdo Volcanic Group lavas

have been made using average or core feldspar compositions
determined by electron microprobe and the whole rock analysis
(i.e. similar to the method used by Stormer and Carmichael,
1970) and these are listed in Table 6.3. For several samples

feldspar rim and groundmass or glass compositions of the lavas
were used.

In both the dry and hydrated systems there is a general
temperature decrease as the lavas become more salic (Table 6.3).
Dry system temperatures are extremely high but as the water
pressure increases calculated temperatures decrease (an

exception is the calculation using the equation of Mathez

at 0.5 kbars t".O)
Stormer an6 Carmichael (1970), Brown and Carmichael

(197f) and Mathez (1973) considered that temperatures
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calculated. using the plagioclase geothermometer are almost
invariably higher than expected, Experimental melts of
lavas give an indication of liquidus temperatures (Table 6.5)
and for intermediate lavas these are usually <1200oC (see
discussion below). Many of the plagioclase temperatures for
intermediate lavas of this study (Tabte 6.3) are higher than
experimental liquidus temperatures and are therefore
considered too high.

OLIVTNE-CHROMITE GEOTHERMOMETER

Jackson (1969) outlined. a geothermometer based on
co-existing olivine and chromite (chrome spinel). fn order
to use the equation of Jackson the Fe3+ and Fe2* content of
the chromite must be known, and this has been determined by
assuming perfect spinel stoichiometry. The temperature
calculation is very sensitive to variations in re3+7F"2* ratio
in the chrome spinel, and variations in this ratio may be
responsible for much of the variation in the calculated
temperatures (Table 5.4'l .

The large range in temperature estimates made using olivine
and chrome spinel in DVDP basanites cannot represent real
crystallization temperatures. Only one chrome spinel was
analysed in samples 1-121.88 and I:99.34r so temperatures
have been calculated using the maximum variation in olivine
composition. In sample L-L87.64 two olivine grains contain
chrome spinel inclusions and these give temperatures
intermediate between those calculated using 3 other chrome
spinel grains and the maximum variation in olivine
compositions from the same sample. An increase in temperature
is noticeable in all the data as the olivine becomes more
Fe-rich. This is of course contrary to the normal situation
where olivine becomes more Fe-rich as temperature decreases.

Satisfactory temperature determinations were made by
Jackson (1959) and Loney et aI., (f971) for intrusive rocks.
Evans and Wright (L972') in a study of chromite in Hawaiian
lavas obtained temperatures of L762oC to 2490oC and suggested
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that the equation of Jackson (1969) was not applicable to
chromite analysed by electron microprobe in terrestrial
volcanic rocks. This suggestion is supported by the
calculations made here.

DISCUSSION

Experimental melting of natural rocks at pressures of
1 atmosphere and higher in air and under controlled, oxygen
fugacity give an independent means of determining liquidus
and mineral crystallization temperatures. No such experiments
have been made on McMurdo Volcanic Group lavas, but comparison
with published results on lavas from other areas are useful
(for sununary see Thompson, L972). Liquidus temperatures
(Table 6.5) are usually depressed with decreasing fO" (Thompson,

f973b) and increasing Prot.l ..U 
""ro, 

and therefore'represent

TABLE 6.5 Liquidus temperatures of alkaline rocks esti-mated
from I atmosphere melting experiments.

Rock Tlpe Temperature Range
oc

Reference

Basanite
Hawaiite

Mugearite

Berunoreite

L280-1250

1185-1160

1150-1130

L140-1110

L12

1r3

L14

Ir3,5

References I Ti1ley, Yoder and Schairer, 1965
2 Tilley and Thonrpson, 1972
3 Thompson'et aI., L972
4 Thompson, L972
5 Thompson, 1973b

a maximum. The mineral geothermometers give a general
indication of mineral crystallization temperatures, these
will be lower than liquidus temperatures (Table 6.5).

Of the four methods used to determine mineral temperatures
the olivine-chromite geothermometer is unsatisfactory and the
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Kudo-Wei1l plagioclase temperatures are believed to be too
high. The olivine-clinopyroxene geothermometer when applied
to groundmass or rim compositions appears to give reasonable
estimates of quench temperatures.

Temperatures estimated using rnagnetite-ilmenite pairs are
considered the most reliable if oxidised samples are exclud,ed.
However, phenocrysts of both magnetite and ilmenite are in
general lacking; therefore liquidus or near liquidus
temperatures are difficult to estimate.

The appearance of kaersutite is believed to indicate
temperatures of <1050oC (see pagel3l , for discussion). This
disagrees with the magnetite-ilmenite temperature of lll0oC
estimated on groundmass microphenocrysts in DVDP nepheline
benmoreite 2-54.72. A quench or near quench temperature of
1110oC is considered very unlikely in sample 2-54.72 when it
is realised that the DVDP basanites give consistent quench

temperatures of around 970oC (Table 6.1).

Oxygen Fugacity

Magnetite-ilmenite pairs can also be used to estimate
oxygen fugacity tO, (euddington and Lindsley, L964) . l"lost
of the magnetite-iimenite pairs examined have reequilibrated
or are oxidised or indicate only groundmass conditions (Table
6.L, Fig. 6 .1) .

Nicholls et dl., (1971) suggested that oxygen fugacity
may be buffered in the lavas containing olivine and magnetite
by the reaction:

therefore

*t"n
AGO= 

- 

+ .cg
2.303RT "1i3, * Srton

_olivineoFersion

=magnetite-FerOn

...... (1)h, + Fezsio4 = 3t"goa + sio2

gas fayalite rngnetite glass

,o,

rog (IA1
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sio2

glass

+ sio2

glass

restricted

MSrSion

forsterite

CaTiO,

perovskite

2MqSiO^-3
clinoenstatite

CaTiSiO-
J

sphene

(2t

(3)

The upper limit of "rio^ is defined by
Lower limit by reaction" (3) (Carmichael
Although the lavas do not contain mod.al

strongly nepheline normative (Ne > 10t),
that .sio, may be closer to that d,efined

reaction (2) and the
et a7., L974) (fig. 6.2').
nepheline rnost are
therefore it is likely
by a reaction:

|u"arsion
nepheline

+ sioz

glass

aAISi3OB

albite
*oo

(4)

f,1 for 3 lavas from The Pleiades are calculated. (Table 6.6)
v)

wiEh .sio. defined by the buffer reactions (21, (3) and (4),
assuming fure mineral compositions (i.e. amineral = f.0).

For the anorthoclase phonolite from Mt Erebrs "sio^ has
been determined using reaction (4) and the appropriate mfneral
analyses; at 1000oC the calculated log f.,,^ is -12.2 (Tab1e 6.6).
The anorthoclase phonolite has a simila, "r'^ to the K-trachytevt
and nepheline tristanite from The Pleiadesr'and crystallized
under conditions similar to conditions during final crystalli-
zation of the DVDP basanites (F,ig. 5.I).

Estimates of temperature and tO, in 3 DVDP basanites
(Table 6.1) define a short trend line-which parallels, but is
slightly lower than, the quartz-fayalite-magnetite synthetic
buffer (Fig. 6.l) .

The lack of NaFe3* (i.e. acmite) enrichment in clino-
Pyroxenes frorn DVDP and The Pleiades suggested that t'o probably
remained low throughout the sequence of lavas. This i3 confirmed
by the few available tO, estimates (fig. 6.1).
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Silica Activity

Quantitative estimates and variations of silica activity
("rior) in different magma series have been made by Carmichael
and his co-workers (see summary in Carmichael et aL., L974r.
Unsatisfactory mineral assemblages and the lack of suitable
temperature determinations make estimates of usio, during
the early stages of crystallization of the Mct'lurd,5 Volcanic
Group difficult.

It is possible to caLculate rsio^ using olivine and.

clinopyroxene compositions and a buffef reaction:

|{;arsl.:on+Srnr"ton+sio2=caMssirou
Ca-olivine forsterite glass diopside

hence

(5)

roe aliS;tu = 
"ffiT. 

* ros aElil;Iil;, - *t"n "31;;iS;

- *'"n {};;iS; ... o.. (5a1

where
AGo 

= 
?1oA

2.3O3Rr 
=- 

+ 1,.487

(Carmichael, Spera and Wood, in prep.).
Ivlethods and. approximations for estimating the activities are
given in Tab1e 6.7 and the calculated, results are given in
Table 6.8 and shown on Fig. 6.2. The calculated .sio, ruy
have considerable error, because of the approximation6 involved
in calculating the activities (Table 6.71 and the very small
CatSiOn component in olivine. The data do indicate the possible
range ir "rio and also allow comparison between various rock
types
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TABLE 6.7 CalcuLation of activity of comSronents in olivine and
clinoplrroxene (fron Carqichael, Spera and wood' in
preparation),

In the following

x = mol.e fraction, a = activity, Y = activity coefficient

OTIVINE

a) carsion

-olivine -2 n2acarsion = xcarsion'Ycarsion

therefore Llnaca2sio4= In xcarsion * tt Ycarsion

where Rr In ycarsion= eosr txfij';il;, + 2286

b) !{SrSion

-olivine _ ,,plivine.2atlgrsion = (xugrsion)

CLINOPYRO)(ENE

":*H#:*un' = (xc.v".)*z (xMsy's)* rxlrvrrl.

MI, M2, t = Mlr M2 and tetrahedral sites of clinopyroxene structure.

Yca.Y!^g.Ys. = I (assuned)

= ncJ (t"" * \r, * \" * nM#2 + nr"u2)

= x1n*' (5nur * x,"3* * tAr * \i * tar + 5"ur)
xsi=rsi/(rsi*ter)

where n is tlle nr:mber of atours Ln the lryriroxene fo:mula. Mg and Fe

are proportioned between the t{l and l{2 sites in the ratio of Ee/Mg

so that there is an equal nunber of cations in each site.
nuuber of Mg cations Ln ttre Ml site.

x
Ca

x
W

l1annr is the
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1. TBE PLEIADES

.sio^ for three lavas (Table 6.8) are generally similar
and plot mSinty in the field of alka1i basaltic magmas (Fig.
6.2)

2. DVDP I AND 2

Quench .sio, it the DVDP basanites were calculated using
rim olivine and piroxene compositions (Table 6.8' Fig. 6.2).
Calculations were also made using equation (1) (Table 6.9) as
ToC and f., are known from the groundmass magnetite-ilmenite

\.rt
pairs (Table 6.I), There is reasonable agreement between the
values calculated using the different reactions (Tables 6.8,
6.9i F.ig. 6.2). Variation of silica activity with temperature
j,n a typical DVDP basanite was calculated using the core
compositions of olivine and clinopyroxene and equation (5).
The result is shown in Fig. 6.2, The trend lies mainly in
the feldspar-free nephelinite magma fietd as would be expected
since the lavas lack feldspar phenocrysts and are strongly
undersaturated.

3. lIT EREBUS

Anorthoclase phonolite from Cape Royds has a olivine-
clinopyroxene temperature of 997"C (Powel1 and Powell, 1974).
This is nearly identical to that calculated for Mt Erebus
bombs and lavas (Table 6.2't and as the olivine and clinopyroxene
is unzoned the temperature probably approximates to the quench

temperature, Cape Royds lavas contain groundmass sanidine
microlites (0.454 Ab) and nepheline (0.593 Ne) (Carmichael,
1964). Using equation (4) and the thermodynamic data of
Nichorts et ar., (197r), quench. (rgg "lio:tu)P=I 

bar

is -0.714 at 1000oc. rf toV aji$lto t" k6own at I bar this
can be related to higher pressure6 Uy using equation (f8) of
Nicholls et ar., (1971) ,

(1og 
"li$;'u,P=P 

bars - (1og 
"3i3;tu,P=l 

bar

+ [r.34xto-5 - o'o#4?.1 (P-r) ...,. (6)
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1- nepheline- Ttog tu.i,rsio,

At 1000oC (I273oK) and assuming the activity equals the
mole fraction (a=X) r then (Nicholls ex a7., 1971):

rog a119uid = -ioq o'o?lglP-I) + 
'l

"sid, = -Tiii + 0.012 - 

-- 

- i1os0.646

- hoso. s93
2-

= - 0.6410 16.9x10-6 ("-r)

L7 4.

The anorthoclase phonolite contains large phenocrysts of
anorthoclase (0.646 Ab) so if it is assumed these were in
equilibrium with the nepheline it is possible to calculate
an equilibrium pressure. It must be noted that as anorthoclase
crystallised prior to the nepheline then the calculated PTot"I
will be a minimum (Nicholls et aI., 1971).

At an unknown pressure the anorthoclase phenocrysts and,

groundmass nepheline define silica activity, thus (Nicholls
et al. t 1971) :

r__ _Iiquid _ a ntp-l) I a-- -feldsparros a!i[s^u = fr * B * t + ] Ios "N;iai;o'

(7e1

Therefore equating equations (6) and (7A)

-0.6410 t6.ext0-6 (p-r) = -e .7L4 + [1.34xr0-6 - otgl|' ] (p-t)

P - 5 kbars (i.e. about 16.5 km) '

This is considered a reasonable depth for a magma chamber

underlying Mt Erebus.

(7)

Alumina Activity

Nicholls and Carmichael (L972) and Bacon and Carmichael
(1973) have calculat.d "Al-O- and shown how this combined with

"Sio, can be used to calcufa€e depth and temperature of
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equilibrium of basaltic magma with assumed mantle compositions.
For three Dtr'DP basanites in which quench temperatures, fO.,

and arr', .r" known, two aelrO, buffers can be applied (Nicholfs
and Carmichael, L9721 i

caMSSirOa

diopsid.e

,"n "iu8lu ros a[fq3iF;..

*r"n.313;" los

l'on {};JiS;

1+ isio, + Al2O3 =

glass Iiguid

AGO
=-+ 2. 303RT

caAlrsiro' + pnrtion
anorthite forsterite

(8)

(8A)

(ee1

_Pyroxeneocat'lgsiroa

and

CaMgSirOU

diopside

- Iiquidrog aeriot

A1203

liquid

AGO

tSoEf

= CaAlrSioa

Ca-Tschermak
pyroxene

* |sio, +

glass
lnrtion (e)

forsterite

- pvroxene 1. qlassrog aa'aAt2sio. + zLog tiio,

*'"n "il;$U - ros "8lil;ril8.

llethods for calculating activities of the mineral components
from their chemical analyses were given by Bacon and Carmichael
(1973) . They warned that calculation of .a may be' *CaAl2Sio6 "
subject to appreciable error, therefore calculations of .Al^O^
using equation (9) are less reliable than those using z 5

equation (8).
= ror three DVDP lavas are given in Table 6.10.*A12O3

Calculations using equations (8) and (9) show reasonable
agreement.

The values of aalrO, are currently of little use as there
is little or no data available with which to compare. With
refinements in the thermodynamic data, however, an increase in
the number of calculations of this type can be expected and
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comparison vtill become meaningful. Application of aalrO,

in pressure calculations is discussed briefly below.

Pressure Calculations

The activities of components in a magma are useful for
d.etermining equilibrium temperatures and pressures between

a magna and phenocrysts and xenocrysts and assumed mantle

compositions (Nicholls et al., 1971; Nicholls and Carmichael'

Lg72; Bacon and Carmichael, Lg73; Carmichael, spera and,

Wood, in preparation).
If a basaltic magma is considered to be derived directly

from the mantle without fractionation or nodification and if
the activity of a component can be defined at known (quench)

temperature and Pressure then an equilibrium reaction can be

set up with an assumed mantle composition. As an examPle' in
DVDP basanite I-121.88 the react'ion

gives

FerSiOn = FerSiOn

, tiquid solid

t" "l3l3ron = ffi' + t" "F:;Ii8;
where

aco_10468,1
RT =_*"i--*7.009

Using rim compositions of olivine at a quench temperature
(determined from groundmass magnetite-ilmenite) a'ersion can

be calculated. If the mantle is assumed to containz
olivine (ForoFaro) then the variation "t 4:::13n tt.n
temperature can be calculated. The a'erSiOn defined by the

lava can be extrapolated to higher temperatures and pressures
assuming it is in equilibrium with "T:":l: - A range of PrT

J-e2Dru4

values have been calculated (Fig. 5.3) using the procedures

of Carmichael et al. t (in PrePJ .
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Calculations for several such equilibrium reactions must
be made so that their PrT curves will intersect and define a

unique temperature and pressure. Further calculations using
-Sio^, dAl^O-, a.a'qsi^o, and the activity of, other components

witlzth"."foi" alloi afi Sstimate of equilibrium temperature and
pressure of DVDP basanite with an assumed mantle.

In the DVDP basanites pressures of 25-30 kbars have been
estimated from the mineralogy (see Chapter 5) and by comparison
with experimental melting studies (see Chapter 9). This implies
a temperature of L400-L425oC using Fig. 6.3; a value that is
high but not unreasonable. Similar equilibrium conditions
were calculated by Carmichael et a7., (in prep.) for basanites
from San Quintin, California (Fig. 6.3). The tenperature
range of 1400-1425oC at 25-30 kbars is just below the solidus
for estimated. mantle perid.otite (Wyllie , L}TO) .

Sulphur Fugacity

Sulphur fugacity (fs.) can be determined using pyrrhoti"te
composition if'the equili6rium temperature is known (Toulmin
and Barton, 1964; Heming and Carmichael, 1973). Pyrrhotite
is often found as an accessory in lavas from the tvlcMurdo

Volcanic Group, but the only complete analyses are those on
a recent bonb from Mt Erebus (see Chapter 8). At 1000oC
(olivine-clinopyroxene geothermometry gives 990oC) the
pyrrhotite (mole fraction FeS = 0.977) suggests d fo of,
- -2'7 "210 -" atmospheres (Fig. 5.4),

As fs^ = 19-2'7 and fo- = ro-L2'2 then fso^ and fso-
can be cal6ulated (assuming"P = I atm. ) using tfe following
reactions (Heming and Carmichael, 19731

*, * oz = soz ana ]s, * 10, = so3.

For Mt Erebus lavas fso^ = 10-2'05 and fso^ = 10-8'88 (Fig.
6.4) . The values are 16wer than those repSrted by Heming
and Carmichael (1973) in pumice from Rabaul, New Guinea and
magmatic aases from Kilauea, Hawaii. Results from Mt Erebus
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will have great-er significance onge tro, tro" and f'o are
estimated directly from the magrmatic !3".", fihich hav3 not
been collected to date.

SuLphur f,ugacity is probabl;1r buff€ri€rd b1i' the reaqtion
(Carsrichael et al. 1 L974l- ,

4FeZSiO4+Sg = 2FeS + 2FetOo + 4SiOz

fayalite gas pyrrhotite magnetite glass

therefore gLven the appropriate thernodynamic data another
reaction is availabLe for: eaLculating .Sior'
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CHAPTER SEVEN

GEOCHEMISTRY

Introduction

94 major elementr I15 trace element and t6 rare-earth
element (REE) analyses r^rere made on representative samples frorn
the BalIeDy, Melbourne and Erebus volcanic provinces. Major and

trace element analyses and CIPW norms are listed, by location,
in Tables 7.L to 7.L4 and are given in Appendix D, The tables
include a compilation of all published analyses from the Ballerrlr
Melbourne and Erebus volcanic provinces. Chemistry of Hallett
volcanic province rocks is discussed by Hanilton (L972) and

Harrington e t ar. t G967) , and a brief srunmary is given below.
Selected analyses of Hallett province rocks are given in Table
7.15 (Appendix D). A few analyses made in the early l900rs are
of doubtful quality, therefore conclusions drawn from inter-
pretations of the chemistry are based mainly on modern analyses.

Analytical Techniques

Rock salrples were split into LO to 20 mm cubes using a hardened

steel rock splitter, after all- weathered and altered surfaces were rercved.
The cubes crere crushed for one m'inute in a tungsten-carbide TIEMAT nill ,

which resul-ted in a mean grain size of l0 Un (Appenilix C). Contanination

was linited to tungsten and cobalt. Oxidation resulting from a griniling
ti-ne of one minute vras urinimal (fitton and Gill, 1970).

Major and trace eLement analyses except FeOr NarO, HZO, and CO,

were deternined by x-ray fluorescence analysis (Xnr1, using the methods of
Norrish and Hutton (1969) and Norrish and Chappell (1967) respectively.
A description of the )(RF techniques and instnrnental settings are gLven in
Appendix C.

Ferrous iron (FeO) was deter:nined by titration wittr a standard
dichrourate solution and diphenylanine sulfonic acid indicator after 0.5 gram

of sarqrle was decomposed by boiling with HF-H,SO. (Shapiro and Brannock, 1962).
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Oxidation was overcome by flushing the crucible during boiling with a

constant strean of COr.

Sodium (NarO) was determined using a Techtron AA4 atomic absorption
spectrometer (AAS). I00 rng of sarqrle was fused in a flux consisting I part
LiCO3, 5.52 parts K,CO, and 5.97 parts LL2B4O7 at 95OoC and dissotved in
250 nI of 48 HCl. International rock standards were used for calibration.

When rragnesirrm (Mgo) occurred in Iow concentrations it was

detenrined by AAS using the sa.ne solution and method for calibration as

NarO. Agreenent wittr XRF deterrninations vrere excellent (see Appendix C).

Combined water (H2O+) was in most cases deterrrined in Penfold
tubes folJ.owing the procedure of Shapiro arrd Brannock (L9621. For a few

samples, HrO+ and carbon dioxide (COr) were deterrdned by heating one gran

of sanple, which had been dried at 110oC overnight, in a furnace for 1 an

hour at UOOoC. Evolved CO2 and HrO hrere carried by nitrogen gas and

collected in absor5ltion tubes containing rcarbosorbr and magnesiun

perchlorate (RiJ-ey, f958).
Hro- was dete:rorined by heating a sample for 2 hours at lIOoC.

Loss on ignition (IOI) was determined as the weight loss of a

sample heated for I to 4 hours at 1OOOoC.

Geochemical Variations

Introduction

Major element chemistry in combination with CIPW norms
have been used to subdivide the lavas into either sodic or
potassic series (see Chapter 4). $lithin these series, a number
of lineages can be recognised. Such lineages are more correctly
d,elineated by examining the chemistry of residual glasses, aphyric
samples (cf. Thompson et a7.t L972r, the fine-grained, ground.mass

in porphyritic samples or segregation veins (Coombs and Wilkinson,
1969). Porphyritic samples may contain phenocrysts of curnulus
origin and so r.rhole rock chemistry will not'represent a liquid
in a liguid line of descent. When the present data is plotted
it shows a scatter, due in part to porphyritic and altered
samples, however generalised trends are obvious. Many of the
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samples analysed (except those from the Erebus Centre) contain
<58 phenocrysts and are considered to represent liquids, and

therefore define fractionation trends.
In the following discussion data has been presented by

using Harker variation diagrams. With increased d.ifferentiation
the lavas generally show a progressive increase in Sior. Price
(1973) has shown in alkali volcanics from Dunedin Volcano, which
are similar to the McMurdo Volcanic Group, that silica is
responsible for over 50$ of the total variance (Chayes, 1960'
L962'). Therefore, Harker-type variation diagrams plotting major
element oxide and trace element abundances against SiO, are
used to visually present the data (Wright, L974). Other plots
are also used to show special relationships or correlations
between selected elements. Conclusions on petrogenesis (Chapter

9) and the delineation of fractionation trends are based on all
major element and trace element datar any one plot does not
uniquely define the position of a lava in a lineage.

Plots of total alkalis (NarO + K2O) versus (vs) silica
(SiO2) and KrO vs Naro are used to show the varying chemistry
of the provj.nces.

Balleny volcanic province

Two basanite samples were analysed, making a total of 5

available analyses (Table 7.I). Samples collected. from Sabrina
Island and vicinity by B. C. Waterhouse are rnainly olivine-augite
basanites, while one sample described by Mawson (1950) (Table 7.L
analysis 5) from Buckle Island is a hawaiite.

In general the Balleny lavas are similar in chemistry to
basaltj-c lavas from the Hallett volcanic province' but have lower
TiO2 than most basaltic lavas from the Melbourne and Erebus
volcanic provinces.
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Hallett volcanic province

The Hallett volcanic province is a basanite-trachyte
association with rare phonolite. Although 48 analyses (David

et a7., 1896; Prior, L902; tlarrington et a7., 1967;
Hamilton, L972) are available (Fig. 7.1) many of these are of
hydrated and,/or oxidised samples. If samples showing oxidation
(normative hematite - Hm) or hydration and/ot large amounts

of carbonate (total H.O+CO2

only L4 analyses remain (Table 7.15).
The analysed samples have been reclassified using the

nomenclature of this thesis and the frequency of rock types is
given in Table 7.L6. Hawaiites, the largest single lava type
analysed, mainly. contain <108 normative nepheline (tle;.

TABLE 7.L6. frequency of analyses of volcanic rocks

from the Hallett volcanic province

Rock \pes Number of Ntmber
analyses unaltered

of t of aII
samples* analyses

Nkal-i basalt
Basanite

Hawaiite

Nepheline hawaiite
Mugearite

Benmoreite

Trachyte

Quartz trachlte
Phonolite

5

6

19

3

I
2

3

7

2

I
4

4

L

o

o

I
3

0

10

L2

40

6

2

4

6

I4
4

*See text for criteria; analyses given Ln Table 7.15.

AnaLyses from David et a-1., 1896; Prior, L9O2i Harringrton et aI ., L967i

Hamilton, L972.

As many of the lavas are oxidised this causes a decrease in Ne,
however with a correction for oxidation some hawaiites become

nepheline hawaiites. Basanite dominates over alkali basalt and
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several basalts would be classified as basanite if the degree

of oxidation decreased. Even allowing for oxidation, there is
a scatter in the composition of the basaltic and hawaiitic lavas.

Lavas intermediate between hawaiite and trachyte are rare
(Table 7.L61 , which makes the recognition of possible fractionation
trends difficult (Figs. 7.L, 7.2). The most salic lavas are
trachyte and quartz trachyte (some have >158 normative quartz).
There appears to be a trend toward saturation with increased
silica content, the only exceptions being two analyses (from a
single megapillow) of hyd.rated phonolite which is extremely
undersaturated (Ne = 308).

Analyses are plotted in total alkalis vs SiOz and KrO

vs NarO diagrams (Figs. 7.L, 7.2). Total alkalis increase
linearly with increasinS SiOr, until 622 SiO2, but then decrease
slightly (Fig. 7.1). Two samples with 13-149 total alkalis
are from the phonolitic pillow Lava discussed above. In Fig. 7.2
the KrO increases with increasing NarO and shows a good trend
to 2* *ZO, however from 2 to 4* KrO no trend is apparent due

to the lack of analyses of intermediate lavas. The trachytes
show 18 variation in KrO while NarO varies by 2.42.

In summary.the chemistry of the HalIeLt volcanic province
indicates the lavas form an alkali basalt/basanite-hawaiite-
trachyte-quartz trachyte association.

Melbourne volcanic province

INTRODUCTION

40 new analyses of samples

7.2') , Mt overlord (3) ' Webb N6v6

(Table 7.3) and Mt Melbourne (4)

thesis. Four analyses of lavas
published by Nathan and Schulte

from the Pleiades (32) (Table
(1), and Malta Plateau (1)
(Table 7.4) are given in this

from Mt Melbourne have been
(1968 ) .

THE PLEIADES

Lavas from The Pleiades are undersaturated and range from
basanite through to nepheline benmoreite and peralkaline K-trachyte.
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Two lava series or lineages can be recognised on the basis
of NarO/KrO ratios (F.ig. 7.4) and in plots of differentiation
index (D.I.) vs normative nepheline (tlel (l.ig. 7.3). The bulk
of the lavas have an NaZO/K.O ratio <2 (Fiq. 7.4') and consist of
a mildly potass ic trachyandes ite-tristanite-K-trachyte-peralkal ine
K-trachyte lineage. Lavas with NarO/KrO >2 (F'ig. 7 .4) and a trend
of increasing Ne with increasing D.I. (F'ig.7.3) belong to a

sodic basanite-nepheline hawaiite-nepheline benmoreite lineage.
On a total alkalis vs SiO2 plot (fig. 7.51 the sodic lavas

have greater alkati content t,han the potassic lavas at an

equivalent SiO, content. Three samples are intermediate between

the sodic and potassic lineages (Figs.7.3,7.4r 7.5) and may

be more sodic variants of the potassic lineage.

Potassic Lineage

SiO2 variation diagrams of major elements (rigs. 7.5, 7.61

show a reasonably well-defined. trend. Tio2, total iron, M9o,

CaO and PZO' all decrease with increasing Sio, (rig. 7 -6) -

A12O3 increases to the K-trachytes and then deereases in the
peralkaline K-trachyte. NarO increases steadily throughout the
lineage, while K;O is similar but tends to flatten out from
K-trachyte to peralkaline K-trachyte. The ratio of KtO to Na2O

is variable; between 6.5 and 7.OZ NarO, K2Q increases from 3.5
to 5.03 giving an irregular trend line (Fig. 7.4'). Trends for
a whole rock-groundmass pair (F'ig. 7.61 parallel the vrhole rock
major element analyses, except for Tio, which increases with
increasing SiOr. The groundmass was analysed, by broad beam

(30 Um) electron microprobe analysis. Small microphenocrysts of
magnetite were unavoidable during analysis and these probably
account for the unusual TiO2 trend.

Trace element geochemistry is shown on Figures 7.7 and 7.8.
Rb, Th, U, SD, Zx, Hf and Y are enriched throughout the lineaget
while Sr steadily decreases. Pb and Ba increase to the K-trachyte
but are strongly depleted in the peralkaline K-trachyte. Ni, Ct.
V and Cu decrease !.rith increasing SiO2. Rare earth element
geochemistry is discussed below,
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There is some scatter in the major and trace element trends,
part of this is due to porphyritic samples, part may be due to
contamination. Strongly resorbed xenocrysts are occasionally
observed in the intermediate lavas and although every effort
was mad.e to remove these prior to analysis, it is likely that
some remained.

Commonly associated with the potassic lavas are essexite
plutonic inclusions (Table 7.2 anaL. 5 and 9). Their chemistry
differs from the lavas by having lower A12O3, PZOSr NarO and

Sr while being enriched, relative to the lavas, in MgO, NiO

and Cr. The chemistry of the inclusions suggests they are
cumulates, formed by accumulation of augite and olivine. This
is also reflected in the fractionated chemistry of the mafic
minerals (see Chapter 5).

Sodic Lineage

Lavas of the sodic lineage are the final eruptive products
at The Pleiad.es, and constitute about I* by volume of the lavas.
At all outcrops they intrud,e older potassic lineage lavas. As

all the sodic lineage lavas appear to be closely related in
time it is sugt'ested their eruption represents outpourings
from the same maglma chamber. The degree of alkalinity (or
degree of fractionation) decreases west and southwestward
(Fig. 7.9) . Baker (1968) showed a similar systematic composition
variation in parasitic bodies and dikes at Saint Helena, from
phonolite in the central area, outwards through trachyte to
trachybasalt. He suggested a magrna chamber with a domed roof
was tapped at varying d.epths and horizontal d,istances from
its centre, and this accounted for the compositional variations,
This situation may occur und,er the northern Pleiades, but with
only 6 data points it is not possible to define the shape of
any underlying magma chamber.

The major element chemistry of the lineage shows a

systematic decrease in Mgo, Cao, TilOZ and total iron white
SiO2, AI2O3r NarO and KrO increase regularly (Fig.7.6r.
PZOS increases from basanite to nepheline hawaiite and then
decreases to the nepheline benmoreite. A KZO vs NarO plot
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shows a linear trend, that differs considerably from the
irregular potassic lineage trend (rig. 7.41 .

Trace elements Cu, Ni, V, and Cr are variable with high
concentrations in the basanites which decrease to the nepheline
hawaiite. A slight increase in some of these elements from
nepheline hawaiite to nepheline mugearite, prior to decreasing
to nepheline benmoreite, is probably due to the weakly
porphyritic nature of the mugearite. Zn and Y remain nearly
constant throughout the lineage. The large cations Rb, Ba,
Pb, Th, U, Sn, Nb, ZE, and Hf increase with fractionation,
while Sr increases to mugearite and is then slightly depleted
in the nepheline benmoreite. Rare earth element chemistry is
discussed below.

MOT'NT OVERLORD

Lavas from lvlt Overlord are similar to those from The

Pleiades and consist of undersaturated hawaiite, tristanite
and K-trachyte (Table 7.3) . Hawaiite is intermediate between
The Pleiades sodic and potassic lineages; the other lavas
are potassic. The only apparent difference between the
tristanite and.K-trachyte from The Pleiades and Mt Overlord,
is that the latter has higher AlrO, and Sr and lower total iron
and MnO (Figs. 7.4 to 7.7). This difference could result from
the earlier crystallization and fractionation of magnetite in
the Mt Overlord magma.

MOT'NT MELBOURNE

The Mt Melbourne lavas (Tab1e 7.41 are oversaturated, and
consist of quartz trachyandesite, quartz tristanite and quartz
trachyte. Analyses (Table 7.4) show the lavas have a distinctly
lower total alkalis content than any other group of lavas in
the McMurdo Volcanic Group (Figs . 7 .5, 7 .24) . The Na,O/KZO
ratio is also the lowest observed in any group of lavas with
the exception of Mt Cis, a small trachyte plug on Mt Erebus
(Figs. -1 .4, 7.251 . No basaltic lavas have been collected
from Mt Melbourne, although they do crop out in surrounding
areas (Nathan and Schulte, f968).
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Major element variation diagrams (Fig. 7 .6) show that
variations of TiO2, MnO, M9O, CaO and P,OU are similar to The

Pleiades; A12O3r NarO and KrO being lower while total iron is
strongly enriched. The trace elements (Fig. 7.7, are in
general similar except for Rb which is lower and Zn which
tends to be slightly higher.

LOCAL SUITE

Basaltic lavas are scarce in the l{elbourne volcanic
province. Small basanite scoria cones and lava mounds,

scattered throughout the area, were grouped into the Local
Suite by Nathan and Schulte (1968) (see Chapter 3). These
Local Suite basanites, along with the two analysed, basanites
from The Pleiades are the only indication of the parent magma

from which the lava lineages $/ere derived. Two basanites
lrere analysed from the Webb N6v6 and the Malta PIaLeau (Table
7 .31. Their chemistry is similar to that of the basanites
from The Pleiades.

DISCUSSION

From the whole rock chemistry it is suggested the Melbourne
volcanic province consists of at least three lava Iineages:

1) The majority of the lavas from The Pleiades and
probably Mt Overlord are a rnildly potassic lineage, of
trachyandesite-tristanite-K-trachyte-peralkaline K-trachyte.

2l At The Pleiades a late stage sodic lineage of basanite-
nepheline hawaiite-nepheline mugearite-nepheline benmoreite
has higher total alkalis and the highest NarO/KrO ratio of any
Melbourne volcanic province rocks. The volume of the lavas
is very small.

3) A strongly potassic quartz trachyandesite-quartz
tristanite-quartz trachyte lineage at Mt Melbourne can be
distinguished from other Melbourne volcanic province and Mcllurdo
Volcanic Group rocks by being oversaturated and having lower
total alkalis and Na2O/KZO ratio.

As SiOZ increases all lineages show a decrease in TiO2r
total iron, M9O, CaO, PZOS, Sr, Ct, Ni and Cu; Zn and MnO
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remain constant. Rb and the alkalis K2O and NarO are
concentrated in all lineages. In the sodic lineage, A12O3

and Ba are enriched, while in the potassic lineages they are
enriched up to and including the trachytes but then show
depletion in the more salic lavas.

Within the mildly potassic lineage there is a scatter
in the chemistry of any one rock type (e.g. tristanites
25684 and 2567 0 have 2.662 and 1.608 MgO respectively). It is
likely therefore, that several processes e/ere operating to give
rise to rocks which are broadly similar.

Erebus volcanic province

INTRODUCTTON

Lavas from the Erebus volcanic province are the most
extensively analysed. in the McMurdo Volcanic Group (Tabl,es 7.5
to 7.I4). With rare exceptions the lavas belong to a strongly
undersaturated basanite-phonolite association and are the most
alkali-rich lavas in the ivlcMurdo Volcanic Group (fig. 7 .241 .

Two chemically'similar fractionation trends are recognised by
their distinctive mineralogy and localised field occurrences:

1) A basanite-nepheline hawaiite-nepheline mugearite-
nepheline benmoreite-kaersutite phonolite-pyroxene phonolite
lineage which is most complete in surface and subsurface
samples from Hut Point Peninsula. Similar lavas, though with
a smaller range in composition, occur at Cape Bird, Cape

Crozier and Brown Peninsula. The lavas aG generally fine-
grained or weakly porphyritic and would represent a liquid
in any differentiation sequence. Augite and kaersutit,e are
the dominant mafic mineraLs. The lineage is termed the
kaersutite lineage.

2l At the Erebus Centre there is a nepheline hawaiite-
nepheline benmoreite-anorthoclase phonolite (kenyte) lineage
referred to as the Erebus lineage. Samples from Mt Discovery
may also be included in this lineage. Erebus lineage lavas
are mainly strongly porphyritic and contain abundant pheno-
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crysts of plagioclase or anorthoclase, and lesser augite,
olivine and magnetite. Because of their porphyritic nature,
some of the lavas are possibly cumulates and therefore plots
of their chemical variations may not represent a true
fractionation trend.

A plot of differentiation index (D.I.) against normative
nepheline 1Ne) (Fig. 7.10) indicates the kaersutite lineage
lavas are in general more undersaturated than Erebus lineage
lavas (excluding the ground.mass analyses). A division at
Ne = l-7z gives a good, separation of the intermediate and
phonoLitic lavas of the two lineages. The Erebus lineage is
essentially one of constant Ne, whereas the kaersutite lineage
shows increasing Ne with differentiation (Fig. 7.10).

CAPE BIRD AND MT BIRD

Seven published analyses (Jensen, L9L5; CoIe and Ewart,
1968; Goldich et a7.,1975) of Cape Bird and Mt Bird lavas
are given in Table 7.5. The lavas are basanites, nepheline
benmoreites and kaersutite phonolites, the petrography of which
are given by Cole and Ewart (f968). They belong to the
kaersutite lineage. One sample (Table 7.5 analysis 4'l has been
classified as an a1kali basalt, however the very low TiO, and
high AlrO, suggest a poor analysis. Major element variation-zJ
diagrams (Figs. 7.11 to 7.L3) show the Cape Bird lavas have the
same trend as lavas from Cape Crozier and Hut Point Peninsula.

CAPE CROZIER

Twenty analyses of samples from Cape Crozier are given in
Table 7.5i five analyses are from Prior (1902, L907) and
Goldich et aJ., (1975), the remaining major element deter-
minations are from KyIe (1971). The trace element determinations
(excluding the three analyses of Goldich et aI. , 1975) were made

as part of this study.
Variation diagrams (Figs. 7.lI to 7.L4) show a scatter of

points, but generalised trends from basanite containing
phenocrysts of olivine and augite through kaersutite-bearing
hawaiite and phonolite can be recognised. A hawaiite with
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FIGURE 7.10 Flot of differentiation index (D.I.) against nomative
nepheline (Ne) for Erebus volcanic province rocks,
excluding groundnass and gLass analyses of Erebus
centre lavas.
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andesine phenocrysts has exceptionally high sr (Fig. 7.L4)
and probably contains cumulate plagioclase. The lavas are
considered Lo represent a differentiation sequence even though

analyses of intermediate compositions are lacking.
Mineralogically the phonolites can be divided into those

containing kaersutite and those with aegirine-augite and,/or

aenigirnatite. Anorthoclase microphenocrysts occur in both t1pes.
The clinopyroxene (aegirine-augite) phonolites are typically
peralkaline, as shown by acmite in their CIPW norms (Table 7.6,
due to an excess of alkalis over A12O3. They show a marked

depletion of Sr (Fig. -l .L4) and. enrichment of KrO (fig. 7 .L2,
with respect to the kaersutite phonolite. Compared to other
phonolites from Cape Bird and Hut Point Peninsula the Cape

Crozier phonolites are among the most fractionated, with high
total alkalis (Fig. 1.LL) and a strong enrichment of KrO over

Naro (riq. 7 -L2) .

HUT POINT PENINSULA AND DVDP HOLES L, 2 AND 3

The most complete sequence of lavas within the kaersutite
lineage is found in surface and subsurface (DVDP holes I to 3)

samples from Hut Point Peninsula (Tables 7.7 and 7.8). The

Iavas are basanite-nepheline hawaiite-nepheline mugearite-
nephetine benmoreite-kaersutite phonolite; one analysed
sample from DVDP I is a benmoreite. Surface sarnples are
predominantly basanite and minor phonolite (table 7 -71 -

The intermediate and most primitive basanites are restricted
to DVDP core samples (Table 7.8). The only chemical discontin-
uity is between basanite (SiOZ up to 448) and nepheline
hawaiite (SiO2 over 47.2*) (rig. 7.15) ' otherwise there is
a complete trend from 41 to 57t SiO2.

A total alkalis vs SiO2 plot (Fig. 7.15) shows a scatter
in the basaltic lavas, however the intermediate and salic
lavas show a near perfect linear trend. The alkali/SiOr-
trend is almost identical to that shown by intermediate lavas
from Brown Peninsula (Fig. 7.15).

KrO/NarO ratios are very constant and plot along a l:2
line (Fig, 7.16). The phonolites are similar to a nepheline
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bennoreite from Brown Peninsula, but are depleted in KtO and

enriched in NarO compared to the Cape Crozier phonolites.
Major and trace element variation diagrams (Figs. 7 .8,

7.I3, 7.L4) show a continuous enrichrnent of A12O3r NarO, RzO,

Rb, Ba, Cs, Pb, Th, U, Zt, Hf and Nb. TiO2, total iron, l{9O,

PZOS, Cr, Ni and Cu decrease with increasing SiOr; Mn, Zn

and Y.remain constant. Sr remains constantr with a mean value
of about l-000 ppmr until 528 SiOz and then decreases only
slightly in the phonolites. Rare earth element chemistry is
discussed below. The chemistry is compatible with an origin
for the lava sequence by crystal fractionation. Differentiation
models are discussed in Chapter 9.

EREBUS CENTRE

Lavas from the Erebus Centre belong to the Erebus lineage
and, consist of nepheline hawaiite-nepheline benmorite-
anorthoclase phonolite.

The only basaltic lava analysed from the Erebus Centre
was given by Jensen (1916) (Table 7.10 analysis 1). It is a

limburgite, however no field location other than Mt Erebus
was given. It.has 2.84* total alkalis and 15.0IS MgO and is
therefore atypical of other analysed lavas from the McMurdo

Volcanic Group. Fie1d work has failed to find such a rock
and if present it is exceptionally rare; the chemistry suggests
it may contain cumulate olivine.

Lavas from Mt Cis (near Cape Barne) are K-trachytes with an

unusual composition (Smith, 1954), being saturated and with
a higher K,O,/NarO ratio (fig. 7.18) than any other Erebus-zz
Centre or McMurdo Volcanic Group lava. The Mt Cis lavas
contain numerous inclusions of sandstone which may have
contaminated the lava. Their chemistry is plotted on the
variation diagrams (Figs. 7.13, 7.L7 ) but because of their
atypical chemistry and volumetric insignificance (their
occurrence is restricted to a single 7 m high outcrop) tne
Mt Cis lavas will not be discussed further.

At Cape Barne three small scoria cones of fine-grained
nepheline hawaiite are the most basic lavas in the Erebus
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Centre, with the except,ion of the limburgite discussed above.

The rernaining Erebus Centre lavas are mainly strongly
porphyritic and therefore may not rePresent liquids. This
porphyritic character of the Erebus Centre lavas makes

d,elineation of fractionation trends difficult. Plots of total
alkalis against siO2 (Fig. 7.L7 ) and KrO against Naro (Fig.
7.18) have a scatter which is undoubtedly a function of the
Iavas' porphyritic nature. The groundmass of four nepheline
hawaiite and nepheline benmoreite samples were separated and

analysed (Tables 7 .9, 7,1I) . Whole rock-groundmass trend,

lines are plotted on variation diagrams (rigs. 7.13 | 'l -L4) '
but they do not follow the trend defined by the whole rock
analyses. In most cases SiO2 decreases, whereas SiOz increases
with differentiation. The glassy groundmasses d^o not therefore
appear to represent a liquid in the differentiation sequence.

The samples must therefore contain cumulate plagioclase or
else the whole rock analyses represent a liquid in which
considerable low pressure crystallization of plagioclase has

occurred.
Rare earth element (REE) analyses of a nepheline hawaiite

and a nepheline benmoreite indicate the amount of cumulus

plagioclase is probably small (see below). Plagioclase
phenocrysts are abundant however (up to 208) and as they are
not cumulate they probabty crystallised from a liquid defined
by the whole rock chemistry (i.e. the rock was a closed'

system). Plagioclase was not a major component in any

fractionation process during differentiation of the lineage.
If it was the differentiation sequence would follow the whole

rock-ground.mass trend and the REE data would show negative Eu

anomalies.
A sample of anorthoclase phonolite from the summit of

Mt Erebus has a large positive Euancrnallt(Eur/Eu* = 1.3I) which
may result from 27t cumulus anorthoclase (see below). Although
the nepheline hawaiite and nepheline benmoreite whole rock
analyses may represent liquids the whole rock anorthoclase
phonolite analyses must be viewed with caution.

If it is assumed the whole rock analyses represent a
liquid in a differentiation sequence, a reasonable assumption
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for the intermediate lavas, then major element oxide variation
diagrams (Fig. 7.13) can be compared. The Erebus lineage is
very similar chemically to the kaersutite lineage. TiO2r

total iron, MgO, CaO and P,OU decrease with increasing SiOr-
AlrO" increases but tends to flatten out, while both NatO

ZJ
and KrO increase. MnO remains constant, Trace elements

show a scatter (Figs. 7.8, 7.L4) as they are more sensitive
to effects of cumulus plagioctase. Rb increases but clearly
has lower abundances in the nepheline benmoreite and anortho-
clase phonolites than the equivalent lavas in the kaersutite
lineage from Hut Point Peninsula and Cape Crozier. Ni and

Cr are very low while V and Cu decrease as SiO2 increases.
Pb is generally <7 ppm (fig. 7.8), whereas it may reach 24 ppm

in some kaersutite lineage lavas. Ba and Sr tend to increase
and decrease respectively (Fig. 7.L4) and there is greater
scatter in these two elements than any others. Both Ba and

Sr are strongly enriched in feldsPdxr Sr particularly in
plagioclase whereas Ba is found in K-feldspar. Variation
in their abundances must therefore reflect differences in the
amounts of cumulus feldspar'

Considering the data for the whole rock analyses and taking
into account the possibility of cumulus effects it is considered
the major and trace element variations are consistent with an

origin of the lava series by differentiation.

BROWN PENINSULA

The geology and major element, geochemistry (Table 7.L2,
of the Rainbow Ridge area, Brown Peninsula, have been described
by Adams (1973). Trace element determinations were made during
this study. The lavas are basanite, nepheline hawaiite'
nepheline benmoreite and phonolite which are very similar to
the kaersutite lineage lavas from Hut Point Peninsula and

DVDP (rables 7.7, 7.8). A phonolite analysed by Prior (1907)

is an extremely fractionated lava. Variation diagrams
(Figs. 7.13 to 7.l-6) show identical trends to the kaersutite
lineage, with the exception of Sr which is lower in the Brown

Peninsula nepheline benmoreite.
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OTHER AREAS

Basanites from the Dry Valley and Koettlitz Glacier areas
(Table 7.L4) show a scatter in chemistry similar to other
Erebus volcanic province basaltic lavas (Figs. 7.L9, 7.20) .

Samples collected by Dr H. J. Harrington from the upper
part of Mt Discovery are mineralogically similar to the Erebus

lineage lavas, being strongly porphyritic with phenocrysts of
plagioclase, olivine, augite and magnetite. Four analyses
(Table 7.L3, I including a whole rock-groundmass pair, show the
lavas are hawaiite, nepheline benmoreite and phonolite. The

glassy groundmass of the nepheline benmoreite has a phonolitic
composition and the trend of the whole rock-groundmass pair'
in general, follows the major element variation diagram trends
(Fig. 7.I3). Trace element data are less conclusive. A

Mt Discovery phonolite (Table 7.13 analysis 17) is the most

silica-rich lava in the Erebus volcanic province and has

anorthoclase phenocrysts (up to 4.5 nm), which resemble (at
Ieast in thin section) those from Mt Erebus anorthoclase
phonolite. The Mt Discovery anorthoclase phenocrysts are not
as large and lack the distinct rhomb shape of those in the
Erebus lavas. 'The resemblance of the lavas from the two
areas suggests the fractionation processes and particularly
the conditions of crystallization were very similar.

DISCUSSION

Al1 lavas from ttre Erebus volcanic province are strongly
undersaturated and belong to a basanite-phonolite lineage
(Coombs and Wilkinson, 1959; Goldich et a7., 1975; Smith,
1954). Lavas from Ross Island show two fractionation t,rends
and these can be recognised at other volcanic centres in the
McMurdo Sound area. The fractionaLion trends are only two of
a wide spectrum. Each is controlled by the nature and relative
proportions of the fractionated minerals which in turn are a
function of physical conditions such as T, P, fo-, f*^O etc.
Further discussion on fractionation processes "I3 gi;;3i u"ro*.

Previous geochemical studies (Smith, 1954; Goldich et d7.,
1975) of Erebus volcanic province rocks have been hindered by
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the lack of lavas with intermediate compositions. Cole and
Ewart (1968) noted this strong bimodal character in both
rock types and chemical analyses. It is obvious from this
study however that a complete range of intermediate lavas
existsl dnd these help define each fractionation trend.

Variations within a single lineage are apparent and
show that several fractionation processes are obviously occurring.
In the kaersutite lineage, phonolites from Cape Crozier are
rapidly enriched in KrO whereas phonolites from Hut Point
Peninsula and Black Island show a constant enrichment of
both Kro and NarO (Fig. 7.251 .

)L
Mg Number 100M9/ (!Ig+Fe-' ) atornic ratio

Roeder and Emslie (1970) and Roeder (L974) have shown

experimentally the partition of Fe and Mg between olivine and
basaltic liquid is constant and can be d.efined by:

v = ,FeO,, Ol,,MgOr Liq : n .

^D: tlAF, /(frO)--a = U.30

which is independent of temperature. Kesson (1973) defined
the Mg nurnber t100!tg/ (U9+fe2+) atomic ratio] and showed, by
reference to the above equation, that for assumed mantle olivine
composition of Fogg to ForO a liquid will have a Mg number
ranging from 67 to -77, if it is in equilibrium with such
olivine. The Mg number can therefore be used to identify
primary mantle magirnas (provided rocks of cumulate origin
are excluded). An arbitrarily standard ratio of
FerOr,/FeO = 0.25 was used to correct for.any oxidation
(Kesson, L973).

All basanites and basalts from the McMurdo Volcanic Group
are plotted in Figrure 7.2I. Most of the basaltic magmas have
a Mg number less than 67, indicating they have fractionated
during ascent from the mantle. The few samples with an Mg

number >67 are mainly porphyritic with olivine and clino-
pyroxene phenocrysts, which could be cumulus in origin. Six
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Mean = 0'7036t0'0002

0E
-702 .703 :104 .705

s,87/s,s6

FTGIRE 7.22 Freguency histogram of sr87 /sr86 ratios in samples of the
McMurdo Volcanic Group. Data from Halpern (1969), ilones
and Walker (t9721 and Kurasawa (1975), Melbor:rne volcanic
provinces samples are shown by cross hatching, phonolites
from the Erebus volcanic province are shaded.
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FTGURE 7,23 Frequency histogram ot sxa7 1sr86 ratios in basaltLc lavas
from oceanic islands and the sea floor and all anal.ysed
samgrles from ttre Mcl"turdo Volcanic Group. Basalt data from
Faure and Powell. (1972). Basaltic lavas of the McMurdo
VoLcanic croup are indicated by shading.
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analysed DVDP basanites have an l4g number >67 and a high
pressure mineralogy (see Chapter 5) and are considered to be

unfractionated and not cumulates. One sample is aphyrict
that is it contains <22 phenocrysts (any crystal >I mm) '
and must therefore represent a liquid. It has a similar
chemistry to the porphyritic DVDP basanites which therefore
validates the assumption that the DVDP lavas represent
unmodified mantle-derived magrma.

Strontium IsotoPe Geochemistry

Strontium isotope measurements on McMurdo Volcanic Group

rocks have been made by Halpern (1969), Jones and Walker (L9721

and Kurasawa (1975). For the Erebus Volcanic Province,
51 sr871sr86 d"t"r*inations have a mean of 0.7036t0.0002 (o)

and a narrow spread of values from 0.7022 Eo 0.7048 (Fig. 7.221 .

Four determinations of Melbourne volcanic province rocks
average 0.704L (Fig. 7.22) .

Oceanic basalt which is unaffected by possible contamination
from salic crust, has an average Sr87/St86 of 0.?035 (Fig. 7.23').
Therefore the analysed McMurdo Volcanic Group samples are also
probably uncontaminated by crustal rocks. The overlap of
sr877sr86 values for the basaltic and phonolitic rocks
indicates they are comagmatic.

Summary and Conclusions

The four volcanic provinces (Balleny, Hallett,' Melbourne

and Erebus) $rere defined in terms of their distribution
(Hamilton, L972; KyIe and Cole, L9741 . It is also apparent
that there are chemical differences in the lava compositions,
Geochemical characteristics are summarised on total alkaLis
versus SiO2 (Fig . 7 .24) and KrO versus NarO (Fig. 7 -25)
diagrams. The trend lines are generalised visual fits of data
plotted in Figs.7.L, 7.2,'1 .4, 7.5t 7.11 t 7.Lzt'1 .L5 to 7.18.



FIGTIRE 7.24 Na.O+K6O agrainst SiO. diagran showing generalised trends
toi ucfiurdo VolcanLc'Group rocks. A sodic basanite-nepheline
benmoreite lLneage, The Pleiades; B basanite-phonolite
Lineage (kaersutite lineage), Erebus voJ.canic province;
C nepheline hawaiite-anorthoclase phonolite lineage (Erebus
lineage), Er&us voLcanic province; D mildly potassic
trachyandesite-peralkaline K-trachyte lineage, The Pleiades;
E aLkali basalt/basanite-quartz trachyte lavas, liallett
volcanic province; F quaztz trachyandesite-quartz trachyte
J.ineage, Mt Melbourne. Dashed line G is division between
nilctly alkaline and strongly alkaLine lavas from southern
Kenya (Saggerson and Willians, f964). Shaded area indicates
field of differentiation trends for alkaline lavas from
continental, island-arc and oceanic suits (Schwarzer and,
Rogers, L974t. Diagonal pattern is boundary between alkalLne
rocks and subaLkaline rocks proposed by Schwarzer and Sogers
(L974'). Averages of Hawaiian al-kalic suite lavas shown by
AB - alkali basalt, H - hawaiite, M - rnugearite, Bn - benmoreit,
T - soda trachyte (ltacOonald, 1968).
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The first and most obvious features are the higher total
alkalis and lower SiOz enrichment in the Erebus volcanic
province compared to the Melbourne and Hallett provinces.'
Erebus volcanic province lavas are strongly undersaturated
and consist of basanites to phonolites whereas Hallett and,

Melbourne volcanic provinces contain alkali basalt,/basanite
to trachyte lavas (cf . Figs. 7 -3 and 7.I0). Phonolites d.o

occur in the Hallett and Melbourne provinces but are
exceptionally rare. Similarly a benmoreite (in DVDP 1) and a
trachyte (Mt Cis) have been found in the Erebus volcanic
province, these also are exceptional.

Both the Melbourne and HaIIett volcanic provinces contain
fractionation trends of alka1i basaltr/basanite to trachyte.
The variation of total alkalis against SiO2 (Fig. 7 .24) for
the two provinces are similar up to 608 SiOZ where they
diverge, with Hallett showing a decrease in alkalis. Extreme
differentiates at The Pleiades (Melbourne volcanic province)
are peralkaline K-trachyte (Ac = 6g) while quartz trachytes
(Q = I4g) occur in the Hallett volcanic province. KrO/NarA
ratios (Fig. 7 .251 in Melbourne volcanic province lavas from
The Pleiades and Mt. Overlord are considerably higher than
Hallett volcanic province lavas. Quartz trachytes from
Hallett show an unusual trend with a decrease in Na^O as KZO

increases.
The saturated. and potassic (Fig. 7.25) lavas from Mt

Melbourne are unlike any others from the ivlcMurdo Volcanic Group.
The Balleny Islands are too poorly known to make

generalisations other than the lavas are mainly basaltic and
are chemically similar to those from the Hallett volcanic
province. Although trachytic lavas occur in the Haltett
volcanic province, basalts and hawaiites are predominant.
tvlelbourne volcanic province lavas are essentially intermediate
and trachytic in composition, basaltic lavas are rare. A

complete basanite-phonolite lineage occurs in the Erebus
volcanic pro';1ince.

Coombs and Wilkinson (1969) believed there is a continuous
series of lineages between alkali basalt-trachyte and basanite-
phonolite. They used a variety of plots (i.e. MgO vs FeOlFe.Ool
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KrO vs NarO and DI vs Ne) to distinguish the various trends.
It is evident thaL the lineages in the l{cMurd.o Volcanic Group

represent part of this spectrum, with however one difference.
llost of the parent magmas appear to be basanites, so a trend
of basanite-trachyte must be added to those suggested by
Coombs and Witkinson (1959). A range of basaltic lavas are
generated in the mantle due to varying degrees of partial
melting, differing ternperature and pressure and other
processes which are discussed below. Each basaltic liquid
depending on the physical properties influencing it may give
a whole spectrurn of differentiate lavas,

McMurdo Volcanic Group lavas are identical to those from
oceanic islands (Borley, L974) and continental environments
(Sorensen, 1974). Schwarzer and Rogers 1L974) compared world.
wide occurrences of alkali olivine basalts and their
differentiation trends (rig. 7.24, . All lavas including the
quartz normat.ive different,iates from Mt I'lelbourne plot above

the boundary between alkaline rock series and subalkaline rock
series proposed by Schwarzer and Rogers (L974) (F'ig. 7.24) .

The Hallett and Melbourne volcanic province lavas (excluding
the sodic basanite-nepheline benmoreite lineage from The

Pleiades) plot. in the field d,efined by differentiation trends
of alkali olivine basalts and their differentiates from
continental, island arc and oceanic lava suites.

Erebus volcanic province lavas and the sodic lineage
from The Pleiades plot in the strongly alkaline series (Fig.
7.241. Their chemistry and differentiation sequences are
similar to oceanic islands (Rid1ey, L97Q; Schmincke' L973i
Borley, L974) and continental areas (Saggerson and Williams,
1964; Abbott, 1959; Coombs and Wilkinson, 1969; Price,
1973; and many others).
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ABSTRACT

Rare earth element concentrations (REE) ltere deternined in

16 Ross Is1and and northern Victoria Land. alkaline lava sanples

which vrere representative of four lava lineages of the rYclviurdo

Volcanic Group, Antarctica. A kaersutite and two feldspar

nrineral separates lrere aLso anaiysed,.

Two of the lava lineagesr d basanite to nepheline

benrnoreite and a basanite to phonolite, have sinrilar chondrite-

normalised REE fractionation patterns, with a continuous

enrichment of light and heavy REE and depletion of middle REE.

The patterns result from the fractionation of olivine, clino-
pyroxene, spinels, feldspar, kaersutite and apatite. Kaersutite

is an important fractionated phase responsible for the mid,d,le

REE d.epletion.

Another of the lava lineages is mildly potassic with

trachyandesj-te to peralkaline K-traclryte lavas r.ihich have

partly overlapping REE fractionation patterns. There is a

deplebion in REE from tristanite to K-trachyte. Fractionation

of olivine, clinopyroxene, feldspar and apatite probabiy

control the REE chemistry of the iineage, greater degrees of
apatite fractionation deplete the K-trachyte in REE relative
to the tristanite. Feldspar fract,ionation in the genesis of the

peralkaline K-trachyte is shown by a large negative Eu anonraly

(Eur/Eu* = 0,10).
A nepheline hawaiite to anorthoclase phonolite Lava J.ineage

from the Erebus Centre shqrrs enrichment of REE, although minor

overlapping in the midd,le REE does occur. Anorthoclase phonolite
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has a positive Eu anomaly (eu/gu* = r.31) indicating
accumulation of anorthoclase. The lineage resulted from
fractionation of olivine, crinopyroxene, magnetite and, apatite.

INTRODUCTION

Recent studi.es of rare earth erement (REE) abund,ances in
alkaLi volcanic rocks have been used, to elucid,ate fractional
crystalrization processes within alkaLi basalt - trachyte
phonolite sequences (schilring and winchester, 1969; plower,

L97L; Nagasawa, lg73; price and, Taylor, 1973). These studies
have shown that REE abund,ances can give a qualitative ind,ication
of phases likely to be precipitated and removed during fractional
crystallization, while Zielinski and Frey (1970) and, zieiinski
(1975) showed that rvhen the abundances are combined, rvith
computer calculated mass balance computations, quantitative
models could be developed.

The origin of alkali basaltic rTlagiinas, from knowledge of
the distribution of REE, have been discussed by many authors
includ,ing Gast (1968), Ivlasud,a et al., (1971), Kay and Gast
(L9731 . sun and Hanson (Lg75l I and shimizu and Arcurus (1975).
From REE data constraints on the likely composition of the upper
mantle, where alkali basaltic magrnas are generatedrhave been

ded,uced.

The r,ate cenozoic McMurdo volcanic Group occurs in four
vorcanic provinces (Kyle and core, l9z4) : rvithin .the Barrenv
rslands (Balleny volcanic province) t northern Victoria Land,

(Hallett and Melbourne volcanic provinces); and, IvlcMurd,o Sound,
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(nrebus volcanic province) r Antarctica (Fig. I). Only lavas

from the Dlelbourne and Erebus volcanic provinces were examined

in this study. In these two provinces (fig. f) the lavas range

from basanite (basanitoid) to trachyte and phonoLite, and five

lava lineages, arising presumably by crystal fractionationr edo

be recognised. Four of these lineages (Fig. 2) were exarn-ined.,

by analysing 15 whole rock, a kaersutite (Ti-rich amphibole) and

two feldspar mineral separates, to deterraine the differentiation

history and REE variations in each.

Lavas at The Pleiades (laelbourne volcanic province)

(Frg. t) d,isplay two lineages (l.ig. 2) : a mild1y potassic

Iineage of trachyandesitel - tristanite - K-trachyte -
peralkaline K-trachyte; and a sodic lineage of basanite -
nepheline hawaiite - nepheline benmoreite. The potassic Lavas

are the rnost abundant and probably account for over 909 of the

lavas at The Pleiades. They contain phenocrysts of olj.vine,

clinopyroxene, magnetite, feldspar and biotite (rare). Basanite

of the sod.ic lineage has olivine and clinopyroxene phenocrysts

and rare plagioclase xenocrysts, vihile nepheline hawaiite and,

rrepheline benmoreite are fine-grained. with microphenocrysts of

kaersutite, minor clinopyroxene and rare magnetite.

1
The major element chemistry, lava nomenclature and detaiLs

of the J-ineages rvilL be discussed elsevrhere (Kyle, in prep.).

Terminology is simi.Lar to Coornbs and, Wilkinson (f 969) . A

NarA/RrO ratio of 2zL is used to separate the sodic and

nildly potassic lineages.
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l'IGttRE L. DistribuLion of the ltcllurdo Volcanic Group and subdivision into
volcanic provinees after Kyle and Cole (1974). J. - BaIIeny
nolcanic province, 2 - HaLlett volcanic provincer 3 - MeLbourne
volcanic provLnce, 4 - Erebue volcanic province.
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42 46 50 54 62 66

si02

FIGURE 2. Total alkalis versus siLica diagran showing generalised trends
of lava lineages in ttre McMurdo Volcanic Group (KyLe, in
preparation), exaniired Ln this study. Sanple numbers
correspond to the sarElles listed in Table L. Melbourne volcanic
province lineages are a nildly potassic trachyandesite-tristanite-
K-trachyte-peralkaLine K-trachyte (O- 

-, samples 9 to 13) and a
sodic basanite-nepheline hawaiite-nepheline bennoreite
(a-.-.-., sarnples 6 to 8). Erebus volcanic province lineages
are a sodic basanite-nepheline hawaiite-nepheline benmoreite-
kaersutite phonolite (r-, eanples I to 5) and a nepheline
hawaiLte-nepheline benmoreite-anorthoc lase phonolite ( kenyte)
lineage (r----, sarlples 14 to 16).
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The Erebus volcanic province lavas belong to a basanite -
phonolite association (Goldich et al., 1975). Two lineages,

although very similar chemicaS-ly (Fig. 2') , are recognised, by

their distinctive rnineralogy and localised field occurrences.

At I4t Erebus and Erebus Bay (collectively terrned the Erebus

Centre) (Fig. I) the lavas belong to a lineage of nepheline

hawaiite nepheline mugearite - nepheline benmoreite -
anorthoclase phonolite (kenyte), referred to as the Erebus

Iineage. The usual mineralogy of the lineage is oLivj.ne,

augite, magnetite with plagioclase in the internecliate2 lavas

and anorthoclase in the phonolite. The second lineage, ternred

the kaersutite lineage, is best developed at Hut PoinL Peninsula

in the drill core of the Dry Valley Drilling Project (DVDP)

holes I to 3 (freves and Ky1e, L973, Kyle and Treves, L97Ali

it consists of basanite - nepheline hawaiite nepheline

mugearite nepheline benmoreite - kaersutite phonolite.

Kaersutite and augite are the dominant mafic rninerals in the

lavas intermed,iate between basanite and, phonolite.

AI.TALYTICAL TECHNIQUES

All major elemen'u determinations except NarO and, FeO were

made by x-ray fluorescence spectroscopy using the fusion method

of Norrish and, Hutton (1969). NarO was determined by atomic

absorption spectrometry and FeO by standard wet techniques

(Shapiro and, Brannock, Lg62). Trace elements Rb, Ba, Sr, Zn,

2 used for rocks of composition between

or phonolite.
basanite and trachyte
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Cu, Ni, V and, Cr viere d,eternuinecl by x-ray fluorescence spectro-

scopy, at the University of l4ontreal.

. Rare earth elements (REE) and other trace elements were

determined, by spark source mass spectrometry, using methods

sir.rilar to those of Taylor (1965, 1971). The samples were

sieved through 50 pm nylon cloth and mixed in a I:1 ratio r.rith

ultra-pure graphite which contained 500 ppm spectrographically
pure lutetium oxide as an internal stand.ard.. Based on the

repeated analyses of international standard,s, the precision of
the method is considered to be 158 for the REE, U, Th, Pb and,

up to 252 for the other elements. Further description of the

techniquer and the results of the analysis of two international
roclr-stand,ards are given by Howorth and Rankin (1975).

RESULTS

l{ajor and trace element analyses for the larra samples are

listed in Table 1. REE analyses are given in Table 2. Analyses

of kaersutite and two feldspar mineral separates are listed in
Tables 3 and 4 respectiveJ-y. The REE data, normalised. to the

average abundance in chondrite (Price and Tay'los, 1973), is
shown in Figs,3 to 8.

AIl the samples show a strong enrichment in the light REE

relative to the hea\ry RBE, and a very strong enrichment on the

chond,rite abundances. Many lavas show a depl-etion of cerium

(Ce) relative to the other REE (Figs,5-8). Dysprosium (ny)

has a small unexplained enrichment, relative to the other REE,

in the basanite - nepheline harvaiite - nepheline bennoreite
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Explanation of Table 1

1. Basanite, DVDP hole 2 99.34 m, Hut Point PeninsuLa.

2. Basanite, DVDP hole I 88.55 m, Hut Point Peninsula.

3. Nepheline hawaiite DVDP hole 2 70.4L n, Hut Point Peninsula.

4. Nepheline benmoreite, DVDP hole 2 - 54.72 m, Hut Point
Peninsula.

5. Kaersutite phonolite (257931*, Observation HilI, Hut Point
. Peninsul-a

6. Basanite (256791 t Crater 4t The Pleiad,es,

7. Nepheline hawaiite (25685), Crater 5, The Pleiades.

8. Nepheline benmoreite (25691) dike, Crater 2t The PLeiades.

9. Trachyandesite (25703), Aleyone Cone, The Pleiad,es,

10. Trachyandesite (2567L) dike, west flank of Cone 3, Mt At1as,
The Pleiacles,

11. Tristanite (25662) | west base of Cone 2t Mt Atlas, The Pleiad.es.

12. K-trachyte (25655) | Cone 4. south of Mt Atlas, The Pleiades.

13. Peralkaline K-trachyte 125706) | southwest flank of Taygete
Cone, The Pleiades,

L4. Nepheline hawaij-te (25754), pillow Iava, Turks Head,, Ross
Is1and.

15. Nepheline benmoreite (25748'), Tent Island' McMurd,o Sound.

16. Anorthoclase phonolite (257251 , sumrnit of Mt Erebus, Ross Island,r

* Sample numbers refer to the petrological collection of the

Department of GeoJ-ogy, Victoria University of Wellington.
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lineage from The Pleiades (fig. 6). The depletion in Ce and

enrichment in Dy appear too large and regular to be an analytical

error. Depletion of Ce has been reported. in nanlr lavas (Masuda,

1958; Ishikarra, L974) and may result, from the oxidation of Ce

to the +4 state (Ishikavra, 19741 .

A large negative europium anomal-y (gu,/eu* = 0.10) occurs

in the peralkaline K-trachyte (samp3.e 13) 3 from The Pleiacles

(Fig. 7l t and a large positlve anomaly (nu/nu* = 1.31) is founcl

in the anorthoclase phonolite from Mt Erebus (fig. 8). The

negative and positive anomal.ies can be attributed to the

depletion and accumula'tion, respectively, af feldspar.

Kaersu'E,ite

Kaersutite was separated from a kaersutite - plagioclase -
apatite pegmatite(?) inclusion from The PIeiades. Major

elernent analysis shows 0,608 
"ZO5 

(fable 3), ind.icating inclusions

and/ot incomplete separation of apatite. Prior to REE analysis

the sample was further purified. using electronagnetic separation

and hearryr liquids. Grain mounts and x-ray diffraction dici not

shorv any apatite.
Nagasawa (1973) reported REE abundances in kaersutite

from Oki Dogo Island, Japan (F'ig, 3). Abundances from The

Pleiades kaersutite show a similar trend, but are enriched

overall, especially in light REE. Itlinor irregularities in the

trend, for the rniddle REE are probably due to analytical

3 Sample numbers refer to those in Tabl-es I and 2.
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uncertainties. Conpared to the whole rock analyses, the

kaersutite shows enrichment of the rn-idctle REE, hence with

crystal fractionation or kaersutite residual liquids become

depl-eted in the rniddle REE. This characteristic of kaersutite

can be seen in the kaersutLLe/trachybasalt partition coefficients
(Table 5), where the nriddle REE (Eu, Dy, Er) have a ratio
greater than L, whereas the light (Ce, Nd) and heavy (Yb)

REE are less than l.

$.I<]spar.

Andesine (AnrrAbU 20xil feldspar was separated fronr nepheline

benmoreite (sample f 3) and, anal.ysed (Tab1e 4) . The REE Gd to
Yb were below the detection limLts, however the data do show a

Iarge positive Eu anomaly (Eu/Eu* >g .g) typical. of feld.spars -

(Fig. 4).
Anorthoclase (AnrUAbU6Orlg) from Mt Erebus sumnit contains

higher REE abund.ances (Table 4l and a smaller Eu anomaly

(Eu/Eu* = 4.5) than the andesine plagioclase.

Basanite - phonolite. Kaersutite lineage (Iiut Point Peninsula
and DVDP I ancl 2 )

Chondrite normalised REE patterns for basanite-phonolite

lavas from Hut Point Peninsula are shown in Fig. 5, Tvro Lavas

classified as basanite have paralleJ. trends (Fig. 5) but one

sample is enriched by a factor of about 2. The basanite with
the Lowest REE concentration is termed, a primitive basanite,

while the REE enriched sample is termed. a fractionated, basanite,
Other lavas in the lineage generally show a continuous enrichment
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Analyses of feldspar in Lavas of the Mcl4urdo VoleanLc Group.
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r Andesine

o Anorthoclose

----------

FfcURE 4. Chondrite normalisecl REE abundances in feldspar from Erebus
volcanic province lavas. Anorthoclase (dots) from Mt Erebus
sumrit. Andesine plagioclase (squares) frour nepheline benmorel.te
(Table J-, sampJ-e 15), Tent Island. In the andesLne sample
elements fron Gd to yb were below the linit of detection, the
short dashed line LndLcates approximately the lower linits of
detection
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FTGURE 5- chondrite no:marised REE aburdances in basanLte-phonolLte
ravas from ltut point peninsula and D\rDp holes 1 and 2,Erebus volcanic province.

e Bo:onite I

x Bosonite 2

o Ne- howoiite 3
c Ne-benmoreile 4
r Phonolite 5 .
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of the light REE (La, Ce) and heaqr REE (Er, yb) . The mj_dd1e

REE are depreted, decreasing i-n abund.ance with increased

differentiation. Abundance of the nri.dd.le REE (srn to Tb)

(FiE. 5) in the phonolite nearry equars that of the prinuitive
basanite.

'Basanite - nepheline ben{oreite, (The pleiades)

The trend,s for the basanite - nepheline benmoreite lineage
Iavas from The Pleiad.es (F.ig. G) are vera/ similar to Hut point
Peninsula and DVDF lavas (fig. 5). Throughout the lineagie,
enrichment occurs in the light REE (La, ce, pr, Nd) and the
heariy REE (Yb) . The nepheline hawaiite is enriched, in all REE

relative to the basanite. However, the nepheline benmoreite

shows a depletion of the midd,le REE (sm to Er) relative to the
nepheline hawaiite' All lavas have a small positive Eu anorn.iv.

Trachyand,esite - peralkg.rine K-trachyte. (The pleiades)

The trachyandesites, tristanite and, K-trachyte lavas have

similar overlapping ehond.rite nornarised patterns (Fig. 7,) .

There is a regular pattern observed, for the middle and. hear,ry

REE (Sm to Yb) where the trend.s of increasing REE content are
from trachyandesite to K-trachyte to tristanite.

The most striking feature is the extreme enriehrnent of
REE (except Eu) in the peralkaline K-trachyte, rvith La being
enriched b1' 3 factor of 1350 over the chondrite abund,ances.

The very J.arge negative Eu anomary (Eu/Eurt = 0.10) is arso
noteworthy.
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I'IGURE 6. Chondrite nornalised REE abundanees in basanite-nepheline
hawaiite - nepheJ.ine benmoreite lavas from The Pleiades, Melbourne
volcanLc province.

t:

5

r Bosonile 6
r Ne-howoiite 7
o Ne-benmoreile I
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FrGt'RE 7. chondrite normalised REE abundances in trachyandesite-peralkaline
K-trachYte lavas from The Pleiades, Melbourne volcanic provirrce.
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K -Trochyte l2
Ferolkoline K- Trochyte 13
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Nepheline harvaiite - anorthoclase phonoLite. Erebus lineage
(Erebus Centre)

Three Erebus Centre lavas, of the Erebus lineage, show

very simj.lar chondrite normalised patterns with enrictunent of

light REE (La to Nd) and heaqy REE (Er to Yb) and some overlap

in the middle REE (Fig. 8). All samples have a negative Ce

anomaly. Anorthoclase phonolite has a strong positj.ve Eu anomaly

(Eu/Eu* = 1.31) and the nepheline hawaiite a vreak negative Eu

anomaly (Eu/Eu* = 0.91) (Fig, 8).

INTERPRETATION

Basanite - nepheline benmoreite - phonolite. (The Pleiad,es
and Hut Point Peninsula)

The basanite-phonolite lineage at Hut Point Peninsula (the

kaersutite lineage) and the basanite-nepheline benmoreite lineage

from The Pleiades are considered, similar and are discussed

together.

There is a general enrichment in al-I REE frorn basanite to

nepheline hawaiite and fractionated basanite in The Pleiad,es

and Hut Point Peninsula lavas respectively. The mineralogy of

the basanites and an observed depletion of Cr and Ni with

differentiation, indicate olivine*augitefspinel have probably

fractionated. This is compat,ible rsith the overall increase in

REE abundances,

Other lavas in the two lineages generally show a continuous

enrichment of the light REE (La' Ce) and hea'iryr R.EE (Err Yb) r

while the mid,dle REE are depleted, d,ecreasing in abundance with
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FIGURE 8. Chondrite no:malised REE abundances in nepheline hawaiite-
nepheline beruoorej-te-anorthoclase phonolLte (kenyte)' Iavas from
Mt Erebus and surrounds, Erebus volcanic Province.

o
;!co.E(,

\tootoE

o Ne - hswoiite 14

,r Ne - benmoreite 15

r Anorthoclose phonolite 16
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increased differentiation. Kaersutite and augite are the
dominant phenocrysts or microphenocryst phases in these lavas,
The depletion of the rniddle REE ind,icates that fractionati on of
augite and kaersutite probably resulted. in the observed trenCs.
The ability of kaersutite to deplete the middle REE has alread,y

been d,iscussed.

The nepheline hawaiite from Hut Point Peninsula has higher
cr and, lower Nb, zt, Pb, La, ce and pr than the fractionated
basanite, ind.icating the two lavas probably cannot be related by

a simple crystal fractionation model. Trace element geoehemistry

(ta:rte 1) of the nepheline hawaiite is, however, compatible with
its derivation by crystar fractionation of olivine*augite*
kaersutite+spinel from the prinitive basanite. The nepherine

benmoreite in the liut Point Peninsula lineage is then derived by

fractionation of kaersutitefaugi.te+apatite+spinel+feld,spar from the
nepheline hawaiite, and similarly the phonolite frorn the nepheline

benmoreite.

In order to evaluate the role of kaersutite fractionation
in the Hut Point Peninsula lineage, a series of petrographic mixing
reast squares mass balance calculations (Bryan et a1., 1969)

were made using the whole rock major element analyses (Table r)
and, representative electron microprobe nnineral analyses from the

DVDP lavas lxyte I L974J. using the solutions from these

calculations (Fig. 9), REE abundances erere calculated, in a similar
manner to zielinski and Frey (1970) and zierinski (1975).

Partition coefficients used are listed in Table 5, the partition
of REE by the spinel and ilmenite was assumed to be zero., rn
general the calculated. REE are within 308 of the measured value
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Porenl
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ffi.',.oor.o^.n" ElKoe'u,,c F,+Tlf,S',.
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FIGURE 9. Weight percent of minerals removed to fom each rock by crystaL
fractionation from a parent liquid. Lava type fo:rrred is shown
along the top, while the parent liquid is listecl at. the bottom.
Nr:nrbers refer to analyses in Table I. Calculations were made
using the computer program of lryan et aI., (1969) and rrineral
data given in Kyle (1974). XRz is the sum of the residuaLs
(measured concentration - calculated concentration) squared,, for
the major element mass balance.
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Partltion coefficlents of FiEa

ol,/1iq C5lxfi,nq Kaer/r,iq Plag/tiq
tues)

Flas/Lig
(an46)

Ce

Pr
Nd

,S:u

Eu

Gd

Tlt

Dy

Eo

tsr
yb

Souree

0.009

(o.olo) *

0.o10

o.oll
o.olo
o,0L2

(0.013)

0.01.4

(0.016)

o.ol7
(o.o23)

I

o,o71
(o.126)

o.174

o,260

a.2?3

(oi 32,5)

(o.326)

0.351
(o,34O)

0,33,0

o.294

I

(o,431

(o,501

0.63

0.94

1.02

(1,05)

(1.1)

1.lg
(1,12)

1.05

0.88

2

15.6

rg.0
21.0

24.7

14.5

2:1,7

(19.8)

16.g
(ls.5)
14.1

9.4

3

0,0-?3

(o.o23)

o.023

0.024

a.232
(o.o17l

(0.o].c,

0.o18
(o.o19)

o.oza

0.o30

I

o.11.3

(0.ogL)

o.069

o,o35

o.392
(o.026)

(o.023)

o.019
(o.o10'

o.o10'
O.00:6

I

tr. Sohnetzler and Fhilpotts (1970).

2. NagaEatra (L973)

3. Nagasawa and Ss'hnetzler (197L).

* Values ln brackets eletemrJ.ned by intergrolatlon and extrapolation.
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(Table 6). There is considerable uncertainty in the partition

coefficientsr So that errors in the calcuLated, REE concenLrations

are a function of both analytical error and partition uncertainties,
t30? is therefore a ninimum uncertainty. The data clearly

indicate the importance of crystal fractionation of kaersutite

and augite in the forrnation of the sodic basanite-phonolite

lineage from Hut Point Peninsula. By analogy, fractionation

of kaersutit,e*augite must have occurred to give the observed,

REE in the nepheline benmoreite at The Pleiades.

Trachyandesite -. pera-lkaline K-trachyte. (The Pleiad.es)

In the potassic trachyandesite-tristanite-K-trachyte-
peralkaline K-trachyte lineage the light REE are scattered, when

plotted on chondrite normalised diagrams and anf interpretation

of their abunclances is ambiguous. The continuous enrichment of

incompatible elements Rb, Pb, Th, U and Sn indicates the lava

sequence is probably a result of crystal fractionation. Plots

of the individual REE against the residual liquid fraction (f)

of Barberi et al. , (L975) show tvro trends (Fig. I0) I

f., The light REE La and Pr decrease from trachyand,esite

(sample 9) to trachyandesite (sample 10) and then increase

throughout the lineage. Ncl is similar except it rernains nearly

constant from tristanite to K-trachyte (fig. I0).

2. Ce and remaining REE from Sm to Yb, excluding Eu, aII

show the sarne trend of increasing REE from trachyandesite to

tristanite and, then a d,ecrease to K-trachyte followed. by a

rapid increase to the peralkaline K-trachyte. Eu is sirnilar
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FIGI'BE .1O Individual REE ptotted agains-t c3r/co" {the residual
ffquid fraetion qf Barberi et aI?| tyl5) f,or the
potaseio traclryanilesiteip€ralJcal,lae K;trachyte liieag€
ft@ Ttle Fteiades. c-9* = 36, waa c,aldulated fron a
pl"ot of, Gr ve.trsus Rbr^fg.r al.l lavas frm t(he FlciaEes'
arrrrwg above t:no valueg fgr Ce, l,ndicate ttre coneentgatiqn
Ls greater t.lran 22O tr4m. All values ln 15m.
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except it is depJ-eted. from K-tractryte to peralkaline K-trachyte
(Fig. 10) .

The lavas contain phenocrysts and microphenocrysts of
olivine, augite, nagnetite, feldspar (n.inor), kaersutite (rare)

and apatite. Cognate plutonic inclusions with cumulate textures

. indicate fractionation of olivine, augite and magnetite

It is therefore suggested that the enrichment of REE shown by

trend. 2 above from trachyandesite to tristanite is conrpatible

with the fractionation of the cumulus phases. found, in the

inclusions. REE abund.ances decrease from tristanite to K-

trachyLe, indicating fractionation of a REE rich phase, for
rvhich apatite appears to be the probable source, This is
supported by the rapid. decrease in P,OU content (Table t) from

0.60% in the tristanite to 0.248 in the K-trachyte. The

fractionated. phases vrill therefore be similar to those involved,

in the trachyand.esite-tristanite transition, except for a higher
proportion of apat.ite. The large Eu d,epletion in the peralkaline

K-trachyte must be tire result of felCspar fractionation (Philpotts

and Schnetzler, L968i l.ieilt and Drake, 1973). The above rnodel

of fractionation is supported by all REE except La, Pr and Nd.,

and the only inconsistency with these is the increase in La and,

Pr from tristanite to K-trachyte, when all other eLements show

a decrease (fig. 10), and the high abundances of La, Pr and Nd

in trachyand,esite (sample 9).

The REE data clearly demonstrate the importance of feldspar

fractionation in the formation of peralkaLine lavas. Processes

proposed for the forraation of peralkaline Lavas are partial

melting of continental crust,, contamination by volatile-rich



251.

fluids ancl fractional crystallizaticn of a basaltic magma,

Only rarely do a complete suite of basaltic to peralkaLine l-avas

exist at any one vorcanic centre (Barberj. et al., r9Z5), rnaking

it difficult to demonstrate clearly the importance of fractional
crystallization processes. Although a basanj-te parent for the
potassic lineage at rhe Pleiades is assuined, the remaining

trachyandesite to tristanite lavas clearly denonstrate the
importance of fractional crystallization in the formation of
peralkaline lavas.. Feld.spar fractionation late in the d.ifferen-
tiation sequence gives rise to the peralkaline lavas,

Nepheline hawaiite - anorthocrase phonolitg. (Erebus centre)
Erebus Centre lavas (the Erebus lineage) are strongly

porphyritic. The nepheline hawaiite and nepheline benmoreite

contain abundant plagioclase phenocrysts and the anorthoclase

phonolite has large (up to 30 mm) anorthoclase phenocrysts.

The large positive Eu anomaly (su/gu* = l.3l) in the
ancrthoclase phonolite (sample 16) indicates a cunulate origin
for some anorthoclase, assurning the parent.al magma for the
lineage had no Eu anomary (Eu/Eu* = 1.0). rn order to nake a
correction for the cumurus anorthoclase the whore rock REE

analysis of anorthoclase phonolite was adjusted by renoving

anorthocrase (Tabre 4) until there was no Eu anomaly. The

REE data suggest 274 cumulus anorthoclase (Table 7).
No correction was applied to the nepherine benmoreite

(sampre 15, Eu/Eu* = 1.04) as the REE data for the and,esine

phenocrysts (Table 4l lvere incomplete and the Eu anomaly of -the

nephel-ine benmoreite was only small.
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TABLE 7. lfhole rod( AEE analysis of anorttrocLase Bhonolite (sarnple 16)

ancl FEE analysis after actJ,r*t*"rt fox 27x cunulus anortitoelase

(Table 4, sanrfll"e 2) (PPn)'

La

Ce

Px

Nd

Sm

EU

GA

dc

Dy

Eo

ET

Y,b

f,RgE

EulEu*

TraAJc.

159

248

35

tlr
19.1

6.3

L2,g

1.3

7.2

1.5

5'1
6.4

sI6
1,31

24.4

&(20r)'

125"2i

46

140

22

5.8
15.9

1.5
(8.4)

. 1.8
' 6.3

811

?08

o.99

24.8

*V.}".r in brackets lndlcate extropolated arrd Lnte:qpoLated

REE f,or anorthocLase (Table 4) were used.
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FIGURE I[. Chondrite normalisecl RSE abundances in nepheline hawaiite,
nepheline benmoreite and anorthocLase phonolite corrected for
27t cumuLus anorthoclase (Table 7), from the Erebus Centre.
Basanite (sample 1, Fig. 5) assumed to be sirnilar to the
parental 'r,agma for the lineage.
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f roo
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O Bqsonite I

o Ne-howoiite 14

^r Ne-benmoreite 15

I Anorthoclose phonolite 16
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Chondrite normalised, P.EE abundances in the recalculated
anortlroclase phonolite (Table 7) and other J-avas of the Erebus

Iineage are plotted in Fig. lt. In general there is an increase
in REE from nepheline hawaiite to nepheline benmoreite to
anorthocrase phonclite. There is some overJ-ap in the p:idcle

REE and, all three sarnpres ha.re very sirailar Tb, Dy and Ho

abundances. A basanite, similar to that in the DVDP core
(sample r, Table 1) is assuned to be the parental magma for the
lineage. The REE abund.ances in the Erebls lineage lavas are
enriched rel-ative to the basanite, mainly vrith a parallel trend,
although the Erebus Centre lavas do show a progressive enrichrnent,

in Er and. Yb (Fig. 11) .

Comparing equivalent kaersutite lineage and Erebus lineage
lavas (Tab1e 2) it. is obvious the la.tter contain higher micldle and,

heavy REE. The depletion of middle REE in the kaersutite lineage
has been attributed. to kaersutite fractionation; this, however,

is not the case in the Erebus rineage. olivj-ne, augite and

magnetite are the main mafic phenocryst phases in the internediate
lavas of -the Erebus lineage. Fractionation of these was probably
responsible for the observed patterns of increasing RBE abund,ances,

some apatite fractionation is indicated by the decrease in p^o-
zf,

through the lineage (Table r) but this, hovrever, did not result
in any marked depletion in REE (cf . K-trachyte from The pleiad,es).
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BASANITE ORIGIN

DVDP basanite (Table I, sarnple 1) has a high pressure

nnineralogy (chrome spinels and Ca-tschermak rich pyroxenes)

and a high Mg number (ug/ug+vez+ atomic, Kesson, 1973) which

suggests it is unlikely to have und,erEone fraciionation

ascending from the rnantle, Kay and Gast (1973) reviewed, REE

abund,ances in al-kali basaltic lavas and, consid.ered. the lavas

formed by srnall amoun'ts of partiaL melting of hyCrous garnet

peridotite at the top of the asihenosphere. Shinizu and, Arculus

(1975) developed a model of 2-L7Z partial rnelting of a garnet

therzolite mantle (with chond.rite REE abu.ndances) to give the

observed REE patterns in basani.toid and alkali basalt lavas from

Grenada, DVDP basanite has a s1ight.ly more fractionated, REE

pattern than the Grenada lavas, but is similar (fig. LZ) to

olivine nephelinites froro Hawaii (sample K 17) and Fernani.o de

Norcnha (sample FN 8-1) (Kay and Gast I Lg73) . Kay and, Gast

(1973) developed partial melting models of garnet perid.otite

involving varying proportions of cLinoPyroxene and garnet, and

varying degrees of partial melting, to explain the REE patterns

in atkali basaLts and nephelinLtes. Sun and Hanson (1975) have

discussed F.:EE abundances in basanites from Ross Is1and and

believe they fornr from 3 to 7S melting, of a garnet-beari.ng

mantle with a REE pattern in rvhich La is enriched 14 times

chondrite and Yb is about 3 times chondrite,

Until better information is available on mantle cornpositj.ons

and the distribution of REE in them, there will be a range of

partial melt models. The results of Kay and Gast (1973) indicate,

however, that the DVDP basanite probably formed, by a low degree
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FIGIJRE L2. Courparison of chondrite normalised REE abundances in DVDP

basanite (Table 1, saryrLe 1) (squares) with olivine nepheLinites
from Kauai, Hawaii (saqrLe KL7) (dots) and Fernando de Noronha
(sanrple fN8-l-) (triangles), from l(ay ancl Gast (L973) . Strown are
the assurned mantle cornpositions and (in parentheses) tf,te REE-
enrlchment of the mantle material over chondrite abundances used
in calculating partial melting rnantle models for the generation
of the olivine nephelinites (Kay and Gast, 1973). l{elt figrures
indicate the degree of nelting required to give the observed
REE a.bundances in the olivine nephelinites.
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of partial melting (I'22) of a hydrous garnet peridotite m-antle

which has a REE concentration 2 Xo 3 times chondrite.

CONCLUSIONS

REE data on four lava lineages from The Pleiades and,

Ross Island indicates they forrned, by crystal fractionation,
Major element, mass balance models have been used to show the

importance of kaersutj-te as a fractionated phase in strongly
unclersaturated differentiation sequences .

. Two basanite to nepheline benrnoreite and phonolite

lineages are depleted. in middle REE as a result of kaersutite
fractionation. A further basanite (?) - phonolite lineage, from

Mt Erebus and vicinity, apparently fractionated under lower

Pr, 
^ 

conditions without the appearance of kaersutite, Althoughn2u

the major element d,ata are similar to the kaersutite-bearing
lineagesr the rniddle REE have higher concentrations as a result
of olivine, augite, magnetite and nuinor apatite fractionation.

!&ildly potassic trachyandesite to peralkaline K-trachyte

lavas from The Pleiades have a scatter in REE, which are, however,

considerecl consistent with crystal fractionation of olivine,
augite, magnetite and apatite. Extensive apatite fractionation
resulted in lorser RtrE abundances in K-trachyte compared to a

Iess differentiated tristanite. The d,evelopment of peralkalinity

by feldspar fractionation is conclusively demonstrated, by a
large depletion of Eu in the peralkaline K-trachyte.
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CHAPTER. EIGHT

NMINERALOGY AITD GI'LSS CHEMISTRY OF RECENT

VOLCAbIIC EJECTA AROM MT ERSBUg ' NOSS trSI,AND,

ANTARCf'trCAN

A pap-er presented here in merruscript forn.

El.ectron mlcroprobe analyseg referred to

in this paper are. given ln Appendix Br Fart 3.
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Abstract

Bombs erupted in L972 and recent flows of anorthocLase

phonolite from Mt Erebus contain phenocrysts of anorthoclase

and microphenocrysts of oJ.ivine (Fa45Te3Fo51) r Pyroxene

(Woa6Fs15En37) r titanomagnetite (Usp7s ) r pyrrhotite and

apatite; the associated glass is peralkaline (agpaitic

index = 1.06). GLass incLusions in J.arge anorthoclase

(AbesAnr6Or19) phenocrysts, which form a Lag gravel on the

summit cone of Mt Erebusr were analysed by electron nricro-

probe. Composition of the glass is generally similar to
that found in recent fLows and bombs, however small and

systematic differences occur in inclusions between the core

and rim of anorthoclase phenocrysts. The composition of

recent flows and ejecta are similar to ol,der (up to I m.y. )

anorthoclase phonolite fLows exposed around the base of

Mt Erebus.
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Introduction

Mt Erebus (3799 m), a composite volcano of anorthoclase

phonolite, is the largest of four volcanoes forming Ross Island,

Antarctica (Fig. t) and constitutes part of the Erebus volcanic

province (Kyle and Cole I L974) of the McMurdo Volcanic Group

(Harrlngton, 1958; Nathan and Schul-te, 1968).

Mt Erebus was reported active by Ross in Lg47 and,

observations since then have indicated continuing fumarolic

activity (Berninghausen and van Padangr 1960). The first
observations of lava in the inner crater were reported by

Glggenbach et a7,t (1973), They described smaLl strombolian

eruptLons during the period, December L972 to January 1973.

Lava continued to be present in Novernber 1973 and a small

flow about 20 m long fed a convecting lava lake 40 m in
diameter (Kylef 1975), The lava Lake had grown in size by

December L974 when a combined French-New Zealand expedition

attempted to sample the lava and volcanic gases, however fre-
quent strombolian eruptions forced the project to be

abandoned.

The unusual anorthoclase phonolite lavas from Mt Erebus

are distinctive among the alkali volcanic rocks in the Mcllurdo

Sound area. They are very'porphyritic with large rhomb-shaped

phenocrysts of anorthoclase and are also extremely alkaline

in composition, occasionally peralkaline. The active lava

lake Ln Mt Erebus crater is one of only three such features

present in the world (the others are Nyiragongor Zaire and

Erta Ale, Ethiopa). Mt Erebus is the only phonolitic lava

lake.

\
\

\

I

I
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Fresh volcanic bombs erupted, from the inner crater of

Mt Erebus were collected in December 1972 on the crater rim
and in December L974 on both the crater rim and main crater
floor. *

Large loose anorthoclase crystals were collected on the

upper slopes of the active cone. The crystals form a }ag

gravel, which results from physical comminution of the weak

glassy phonol.ite flows and pyroclastics" The crystals may

also have been ejected as Lapi11i. This paper describes

the petrology of two bombs erupted. in 1972, two recent l-ava

flows from the summit coner and the chemistry of the anortho-

clase phenocrysts and glass inclusions within them. A

comparison is made with older anorthoclase phonolite flows

exposed, around the flanks of Mt Erebus.

Volcanic Geology

Most of the exposed rock on Mt Erebus is either above

the 2000 m contour or around the base as isolated coastal

outcrops. Anorthoclase trachyte (Ne <IOE) and anorthocLase

phonolite** (Ne >108) are the dominant lithology, making up

over 90* (by area) of the Mt Erebus Lavas. Their K/Ar age

is 0.94!0.05 rl.!. at Cape Barne (Armstrongr 1975)r and the

*
Lava is confined to a I20 n deep pit (the inner crater) on
the main crater floor.

**Early papers referred to the lavas from Mt Erebus as rkenyter.
Smith (1954) argued this name was incorrect as the type
kenyte from Mt Kenya contains nepheJ.ine phenocrysts, whereas
the Erebus lavas do not. He thus named the Mt Erebus lavasfAntarctic kenyter. The present author uses the term
I anorthoclase phonoliter .
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younger of three flows at Cape Royds is 0.5810.14 lrt.f.

(Treves, L9671 i the upper sloPes of Mt Erebus are younger

than 0.5 m.y. (Armstrong, 1975) (rig. l).
Fang Ridge (Fig. 1) is a 0.7 to 0.8 m.y. old (Armstrong,

L975) remnant of a parasitic vent composed of porphyritic

plagiocJ-ase-rich nepheline hawaiite and nepheline benmoreite.

Similar Lavas occur at fryggve Point and Turks Head, (Fig. 1),
25 km to the south-west of Mt Erebus summit.

Petrology of Recent Ejecta

The anorthoclase phonolite bombs are extremely delicate
and break up easily on handLing, They consist of highly
pumlceous dark oLive green to black glass with rhombic

phenocrysts of anorthoclase reaching up to 20 mm in length.

Usually the bombs are round, to spind.le-shaped ( I fusiformr )

and have hollow centres which are crossed by fine hairs or

strands of black g1ass. The size of vesicles increases from

L-2 mm on the rim of the bombs to over 30-40 mm on the inner

holLow surface. Winnowing of the glass on the outer surface

during the fl.ight of the bomb exposes the anorthoclase

phenocrysts and gives an irregular rough exterior. Rare1y

the outer surface of the bomb is covered with glass of olive
green colour which has a metaLLic lustrge, and is drawn out in
Iong rounded ribbons and hairs.

Flow material on the upper slopes of the active cone

Ls simiLar to the bornbs, consj.sting of black gJ-assy

scoriaceous flows with ubiquitous anorthoclase phenocrysts.

Exposures ln the crater walL indicate the flows vary in
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thickness from J-ess than I m up to l0 m.

It is difficult to determine the modaL compositions of
the bonbs and flows because of their extremely pumiceous

nature. Anorthoclase phenocrysts probably amount to 25 to

408 whereas microphenocrysts of olivine, pyroxene, magnetite,

apatite and rare pyrrhotite conbinedr Deiy amount to 5t by

volume.

Analytlcal Techniques

Whole rock samples were analysed for najor elements (except Na)

by XRF (Seimens SnS-1 spectrometer) using the technique of Norrish
and Hutton (L959) , Nd was deterrn-ined by atomic absorption spectrometry..
Trace element analyses were made by XRF (Phillps PW L22Ol at the
University of Montreal.

Electron microprobe analyses were made on a JEOL JXA 5A

instrument at Otago University, Instrumental conditions were 15 kv
accelerating potential anil 2,5x10-8 anps specimen current (on periclase).
AIl glass analyses were nade using a 50 pm defocused, bean, no volatilisation
of alkaLies was noted and this Is confirmed by'some of the analyses suruning

close to I00t. Mineral analyses were made using both a 1-2 pn and 50 Um

beam. Corrections vrere applied using the method of Bence and Albee
(1958), and the alpha correction factors for a 4Oo takeoff angle,
listed in Kushiro and Nakamura (1970). Stanclards used are given in
Nakarmrra and Coonrbs (L973). CorrectLons for deatltime, background and

drift were also made, Each compLete analysis represents a ninimum

of 5 individual LO second counts per element. Corrections for the
feJ.dspar partial analytes were made assutulng the nineral was stoichio-
metric and consLsted purely of the end nembers KAISi3Og, NaAISi3Oo

and CaA12Si2O6. Precision (1o) r er4rressed as a relative standard
deviatLon, based on repeated analysis of glass sampJ.es, is glven ln
Table I. Overall the accuracy is believed to be better than 12t (relative)
for the najor components and up to t5* (relative) for the elements less
than 3t.
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Precision of electron microprobe analyses based on

repeated analyses of glass samples.

s1o2

A1203

Tioz

FeO

MnO

Mgo

CaO

Na2O

*zo

wt. percent

55

19

I

5.4

0.3

0.8

2.O

9.0

5.4

Io

0. 30

0. 12

o.o2

0. 07

0.015

0. 02

0.07

0.20

o,04

Relative std.dev.
t

0.55

0, 63

2.O

1.3

5.0

2.5

3.5

2.2

o.7s
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Mineralogy

Representative* electron microprobe analyses of

minerals in the recent volcanic ejecta are given in Table 2.

Olivine

Olivine Is yellowish green in colour and occurs in
minor amounts as subhedral. microphenocrysts. It is often

strongly resorbed and when lt occurs as inci-usions in anortho-

clase phenocrysts, is rounded. The olivine is extremely

uniforrn in composition, and, shows no zoning; the maximum

variation is from Eual.4Te3 .zto 49.46 Fuau .z[e2. aFosz. o

(Flg. 2). The composition is simiLar to olivine in anorthoclase

phonolite from Cape Royds on the lower slopes of Mt Erebus

(Carmichaelz L967). CaO content of about 0.5E is slightly
higher than olivines of similar composition from elsewhere in
the McMurdo Volcanic Group (Kyle unpublished data), which is
probably a reflection of differing silica activity (Stormer,

1973).

Pyroxene

The form of the pyroxene is similar to the olivine.
Rare prismatic phenocrysts of pyroxene up to I0 nm long are

found adhered to the outer surface of Large anorthoclase

phenocrysts. The pyroxene is salite in composition, showing

no zoning and only minor variations in chemistry (Fig. 2, .

The range in composition is CanZ,6FeL6,3Mg36,I to

Cuag,IF"I3.OM93Z.9i there is a weak trend of decreasing Ca

A complete listing of mineral analyses are available fromthe author on request.
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Fe 
14

FIGURE 2. Courposition of olivine and clinopyroxene in recent voLcanic

ejecta, l4t Erebus, Antarctica. Lava and bonb sam5rles 25724

(open trianglesl, 25725 (cLosed trianglesl | 25726 (open

squares) and inclusions in anorthoclase phenocrysts-

anorthoclase 1 (closed squares), anorthoclase 2 (circles).
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with increasing Fe (Fig. 2') .

Fe3* was calculated using the charge balance procedure

of Papike et aL. t i-l.97|l i it appears that the number of f"3+

cations is very similar to the number of Na cations, suggesting

all the Na and Fe3* is present as the acmite component. In

terms of Na, M9, F"2++Mn, the enrichment of the acmite

component is very small and amounts to only 6 to 83. Nash and

Wilkinson (1970) have shown that Na-rich pyroxenes in the

Shonkin Sag laccolith do not form until olivine ceases

crystallizLng, They belleve that the rate of change of oxygen

fugacity, when olivine and magnetite are present (see equation

I, below), is too great to allow Na-rich pyroxenes to
crystallize.

fn the Mt Erebus pyroxenes the ratio of Ti and A1

cations is nearly constant at I:3; indicating there is excess

Al, if it is assumed that all the Ti enters the theoretical

Ca-Ti-tschermak molecule. The excess A1 would probably form

between I to 38 Ca-tschermak mo1ecule.

Temperatures calculated using olivine-clinopyroxene

geothermometry (Powell and Powell, Lg74) are'about 990oC

(Table 3) .

Magnetite

Titanomagnetite is ubiquitous as resorbed cubic

euhedral. microphenocrysts of nearly constant composition,

averaging U"p69.S (range U=pZ'.Z to Usprr.U). Weak zoning

was noted in only one sampLe, Ilmenite is not present, so

It is not possible to determlne temperature and oxygen
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LaFLE 3, Teeperature deter-srl4atlons usLngl the oti.vine-cll.nopysoxene

geother:nrsneten of, Fowell ancl Powell (1974).

SanpLe ol(llclFg)

25725 1.118

25724 1.069

Anorth 2
ltlneral incrirsLona 1'136

cPx(I$-$GAE)

2e62O

2,495

,3.106

(px(ur-AL)

0,109

0.11o

0.1.45

rerperature oC

999

98s

991.
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fugacity using magnetite-imenite geothermometry. However

oxygen fugacity and silica activity may be buffered by the

reactLon (NichoLls et a7. t 1971) :

Z/3Feron + Sio2 = Fersion + l/3oz
magnetite glass fayalite gas

. .. (r)

Silica act,ivity of Mt Erebus lavas is unknown. In chemically

and rqineralogically similar anorthoclase phonolite lavas from

Cape Royd,s, groundmass sanidine (0.464Ab) and nepheline

(0.593Ne) occur (Carmichael, L964) and 1o9 aSiO 
Z= 

0.71 was

calculated at 1000oc7 usJ.ng equation 5 of NicholLs et ar.1

(1971). Silica activity of Mt Erebus lavas is unlikely to
vary significantly from this valueT therefore using equation I
and the typical mineral chemistry of Mt Erebus samples

log t'r= -I2.2 at IO00oC. The oxygen fugacity is thus low,

J.ying below the QFM buffer (as might be expected for under-

saturated rocks) and within the upper part of the range for

phonolites from Mt Suswa, Kenya (Nash et al. , 1969) .

Pyrrhotite

SmaLL, subcircular imrniscible(?) blebs of pyrrhotite

are found as inclusions in magnetite in most of the samples

examined. Analyses of 4 grains in one sample aLl show a very

similar and simple chemistry of Fer.IISl.lTt Cur V and Ni

were undetected in spectrometer scans. The pyrrhotite has an

extremely high mole fraction FeS (0.9771; greater than

pyrrhotite reported ln andesitic, dacitic and rhyolitic
Lavas by Heming and Carmichael (1973).
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The composition of pyrrhotite can be related to

sulfur fugacity, if the equilibrium temperature is known

(Heming and Carmichael, 1973). For the samples from Mt Erebus,

J.og fo at I000oC is -2,7 which is nearJ-y identical to volcanic
-2

gases from KlLauea volcano, Hawaii (Heming and Carmichael,

L973) (Fig. 3). From the calculated values of tO, and tr,

fugaclties of So, and So, = 19-2'5 and l0-8'8 t"=f,""tively
(nig, 3l .

Apatite

Hexagonal, euhedral needLes and microphenocrysts of

apatLte are conmon Ln al.L sampJ.es, No compJ.ete analyses were

rn4de,

AnorthocLase

The J.arge and well developed anorthocl-ase phenocrysts

have been studied by Mountain (L923) and Boudette and Ford (1966),

and their occurrence described briefly by David and Priestley
(1914) and others (see sunmary ln Smith, 1954),

Crystal.s occur in a number of forms, of which rhombic

is the most corunon, The Largest crystals are found loose on

the slopes of the active crater, where they form a lag gravel.

Sorne of the crystals may have been erupted as lapilli but most

have weathered from the weak pyrocJ-astlcs and flows, Dimensions

rareJ.y exceed 90x40x20 mm. AnorthocLase occurs in aLL the bombs

examinedr but lt ls difficult to distinguish because it is
completely covered by black phonoJ-itic alass. The maximum

length of any crystal found in a recent bomb is 40 mm,
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Boudette and Ford. (1966) haye described the anort,hoclase in
thin section and noted it is optically homogeneous and

extremely poikolitic. The inclusions are rnainly light to

dark brown glass, but alL mineral phases that occur in the

lavas are also found. In many of the large phenocrysts

examined, a singLe or gJ.omeroporphyritlc clump of mafic

minerals is found ln the centre of the crystal,

An anaLysls of anorthoclase separated from a L972 bomb

(Table 4'l and microprobe analyses from this study together with
previously published analyses are shown in Figure 4. The

range of microprobe anaLyses are extremely small; the nain

variation is in the An and Or component, while the Ab component

Ls near constant varying from &G4.4 to Ab65. g (the spread is
within analytical uncertainty), Minor zoning occurst in
three cases An increases s1ightly, while in one sample there

is a progressive increase in Or (Fig. 4\ ,

The agreement between the microprobe and published

chemical analyses is good. The latter tend to be lower in Ab

but show the same spread in An and Or content. The analyses

lndicate a consistent composition, except for one that is quite

different from the rest (fig. 4) and may be in error.

The anorthoclase crystals are believed to have grovrn

extremeJ.y rapidl-y. NucLeation may have been sLowr as indieated

by the growth of anorthoclase around rnafic minerals, but once

nucleation was achieved. growth could have been very rapid, if
the magma was slightly super-cooLed (Lofgren, L974). Actual

growth rates for the Erebus anorthoclase crystals are

Lndeterminabl-e, but some idea can be obtained from other
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TABLE 4. Anal.yses of anorthoclase from anorthoclase phonolite

Iavas, Mt Erebus,

Sr ppn
Ba ll

SlO2
Tto2
Nzoa
Fe2O3
FeO
!{nO
Mgo
CaO
Na2O
Kzo
H2O+
Hzo-
Sun

st
A1
TL
Fe 3f
Fe2*
Mn
M9

Ca
Na
K

z
x

Ca
Na
K

I
61.61
o.19

22.32
0.754

0. 03
O,27
3. 35
7,49

:.tt
99,18

:

2

61,94

23.37

0.17

:
4.00
7.48
2.89
0, 11
0. 09

100.05

2700
26oO

3

62,79

22.12
0,36
0,4J.

3.76
7. 35
2.98
0,19
0.07

100,03

4

63.32

22.O9

:'"

3. 02
7,67
3. 35
0.09
0. 07

99.84

2500
3000

Number of cations on the basls oE 32 (O)

11. t 31
4.754
0.026
o. I02

0.004
0.073
0.648
2.623
0.730

1.6.090
4. CI01

L6.2
6s.6
18.2

11.090
4.933

0.025

:
o.767
2.597
0.560

L6.048
4.O24

19.1
64.5
16,4

LL.2s7
4.674

0.o49
o,061

o.722
2.555
0.681

16,041
3.958

18.2
64.6
L7.2

11. 335
4.661

0.031

:

0. s79
2.661
0.766

L6.O27
4.006

L4.4
66.4
19.1

t-Total Fe as Fe2O3.

1. AnorthocLase from recent bodb 25726.

2. Anorttroclase, Cape Royds. CamLchael (L964). Trace elerents
Berlin and Henderson (1969).

3, Anorthoclase, sumrd.t Mt Erebus, t{ountain (1925),

4. AnorthocLase, Cape Evans. Canrrl.chael (1964). Trace elenents
BerlLn and, Henderson (1969),



22

20

?.84 .

22 24

a

l6

l4

t2r
l6

FIGURE 4.
l8 20

Composition of anorthoclase

lavas and PYroclastics' Mt

Royds, Antarctica.
(A) Feldspar triangLe showing position of figure 38'

Anorthoclase frorn sun'mit of l{t Erebus (cross) (Carmichael and

McKenzie' 1963), anorthoclase phetrocryst (dot) and groundnass

sanidine (circLe) pair from Cape Royds (Carmichacl, L9641 '
anorthoclase phonolite Crary Mountains, I"larie Byrd Land

(sqrra:re) , AntarctJ.ca (Boudet*-e and Ford, 1966) '
(B) Chemlcal analysls (rable 4) (cross), complete probe

analyses (circles) and partial prcbe anaLyses (dots) of

anorthociase from the summlt of Mt itrebus' Published chemical

analyses of anorthoclase (squares) from anorthoclase phonolite

at cage Evans, cape Royds and t4t Erebus (Jensenr 1916; Mountain,

L925i Carmichael, L964i Boudette and Ford, I965i Trevesf 1967) '

from anorthoclase Phoirolite
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studies. Kirkpatrick (1974) has measured plagioclase growth

rat,es in Hawaiian tholeiitic lava lakes, and if the average of

his data is applied to Mt Erebus anorthoclase, then a 30 mm

crystal would grow in 600 days. In experimental stud,ies rapid,

crystal growth rates occur. Lofgren (L974) grew large unzoned

plagioclase, including An-poor compositions, in synthetic and

natural melts, at rates of l-5 mm per day. Fenn (L972) reported.

rates equivalent to I mm per 7 minutes in water undersaturated

synthetic melts at 2.5 kbars. Gutmann (L972) argued that gj.ant

phenocrysts up to 100 mm in maximum dimension, from basaltic

Lavas at Crater Eleganta, Mexico grew rapidly at, shallow depths.

Glass Inc].usions

Glass l-nclusions in the anorthoclase phenocrysts are

numerous and sufficiently large to allo'vl them to be analysed

by electron microprobe, using a 50 Im defocused beam. As some

of the anorthoclase had an obvious growth pattern it was assumed

that the glass was included as the crystal grew, and therefore

represented a sequence of progressively younger inclusions from

core to rim.

Three loose anorthoclase crystals collected from the

J.ag graveJ- upper sJ.opes were examined. The crystals may not

have been erupted at the same time, but any time differences

between their eruption are likeJ-y to be J.ess than L000 years.

Variation in glass chemistry with time is seen c1earJ-y

in one crystal (anorthoclase 1) r poorly in another (anorthoclase

3), and in a third (anorthoclase 2) no regular variation was
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observed. The significance of these results depend st'rongly

on the analytical reliabilityr BS the differences observed

are small. Some of the variations discussed below are greater

than 2 standard deviations of the precision (Table 1) and must

be considered real.

AnorthocLase I

Variatlons from cotre to rim are clearly shown bV AltOt

which increases from l-8.7t to 19.58 (analyses were recalculated

to 1OO8), while FeO decreases from 5.388 to 4.91E. K2O shows a

slight tendency to increase. FeO and AIZO3 vary regularlyt

indicating that while the crystal grew the magma must have

remained a closed system. Any influxes of new magma would

cause discontinuities in the trend. The analytical uncertainties

in SiOrr NarO and CaO are sufficiently high to account for any

variations, with the possible exception of two low values on the

CaO curve (Fig. 5) .

Anorthoclase 2

Variations in the glass chemistry occur but show no

regular pattern from core to rim.

Anorthoclase 3

Sixteen inclusions were analysed, but because they were

spread over the whole crystal and did not lie on a transect,

It was difficult to relate their position relative to rim and

core and time of formation. The analyses when plotted on

variatlon dd,agrams (Eig, 6) show two sets of core to rim data.
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Individual elements have a more scattered trend than

anorthoclase 1. The variation on either side of the core

should be a mirror image, if the crystal grew symmetrically.

This is apparent in several elements particularly SiO2r Al2O3r

FeO, NarO and poorJ.y in CaO. The symmetry in all these

elements indicates the broad variations are real even though

in many cases the variations are all within analytical
uncertainty. FeO decreases steadily from core to rim, similar
to the trend in anorthoclase 1.

Discussion

It is assumed that the glass chemistry is changing in
response to crystal growth (i.e. it represents the residual
in a fractional crystallization process). The inereasing

A12O3 and decreasing FeO indicate that crystallization of the

mafic minerals olivine, pyroxene and magnetite are having more

effect on glass chemistry than the crystallization of
anorthoclase, Even though A12O3 increases this does not

prohibit anorthoclase crystallization, obviously the crystal
with the incLusions was growing, however mafic mineral

crystallization is controll-ing the overall chemical trend,

Although the systematic variations of AlrO, and, FeO

in anorthoclase I are smalL they do illustrate the continuous

changes which occur during crystal fractionation. The changes

from core to rim (Fig. 3) represent variations with time. If
the anorthoclase crystallized rapidly, as suggested above,

then crystal fractlonation processes are rapid. This implies

rapid crystallization of the mafic minerals.
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Petrochemistry

Four new anaLyses of anorthoclase phonolite and three

of associated gl-asses from two L972 bombs and two flows near

the surnmit of Mt Erebus and an analysis of a flow from near

the summit by Goldich et, ar,2 (f975)r are given in Table 5.

A rare earth el-ement (REE) analysis of sample 25725 (Kyle and

Rankin, in preparation) Is pJ.otted normalised to chondrite

abundances in Fig. 9.

Analyses of whole rock, gLass and glass inclusions in
anorthoclase and all previously published analyses are plotted

on a total alkalis versus silica d,iagram (Fig. 7) and oxide

variation diagrams with siLica as the abscissa (F.ig. 8).

Although the glass inclusions show a regular variation
ln composition along a transect in the anorthoclase, they have

a scatter on the oxide variation diagram (Fig. 8), the scatter

being mainly due to the uncertainty in the electron microprobe

silica analyses.

On the total alkalis versus silica diagram (Fig. 7l all
the whole rock analyses falL below 13.5t total alkalis, whereas

aLl the groundmass and glasses are above. The increase in
alkalis and decrease in AlrO, from whole rock to groundmass

results in the groundmass and glass becoming peralkaline (Table

5) with agpaitic indexes (molecular Na'O*KZO/AL2O3I greater

than l. Carmichael (1964) pointed out that this ilLustrates
the result of feldspar fractionation (the I'plagioclase

effect'rI to produce peralkalinity in undersaturated lavas.
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TABLE 5. Analyses of whole rock and groundmass glass of recent volcanic
ejecta aad flows from the sunimit of Mt Erebus.

WW
123

25726 25?26G 25727
45

25724 25724G
678

25725 25725G

siO2
TiOz
AI2O 3
Fe^Oe
re6 -

MnO
M90
CaO
NazO
Kzo
Pzos
Il20+
H zo-
coe
r
c1
-O=FrCl

ss.3? 54.94 56.42
I.07 I .10 0. 91

19.69 L9 .27 20. t8

5. 17 4.89 4.36
0 .25 0 . 30 0.21
1.09 0.8s 0.95
2.68 2 ,43 2. 80
1.92 8.85 ?.88
4.7I s.42 4.40
0.45 0. 37
0. o5a

0 .02

55.6s 5s.54
0,92 r.06

20.09 19.09

4.52 4.88
0.22 0.3L
0.97 0.80
2.79 r.95
7 ,7s 9.0s
4.45 5.43
0. 38

0.02

55.58 55.81 55. ?1
r.00 I .10 L.22

19.84 r8.84 18.14
1.83

4 .66 4.96 4,90
0 .22 0 .28 0.25
1.06 0 . 87 1. 37
2.92 2.06 3.35
7. 88 8.27 7 .92
4.45 5. 38 4,35
0.40 c.{9
0.044 0.11

0. 00
0.03
0.15
0.09
0 .08

Total 99.40 97.64 98.!u 98.75

lrace elenetlEs (in ppn)

98 . tl 99 .ls 97 .57 99.83

Rb
Ba
Sr
Y
Zr
Zrt
Cu
Ni
v
Cr
Kt
K/Rb

111
871
735

135
4

<5
5

<)
3. 91

352

95
I13 3
I 020

99
L027
932

119
5

<5
{

<5
3.7r

375

80
1200

840
66

540
13s

24
l3
32
<5

3. 6l
431

107
876
72L

r12 L32
65

<) <t
44

<5 <5
3.55 3.69

384 345

CIPW Norms (vJeight Percent)b
H1
Or
Ab
AN
!le
Ac
Na
Di-rto
Di-fs
Di-en
Fo
Fa
MI
II
F1
Ap
Otherg

zr. ag
36.78
4.26

15.38

2.54
1. 04
1.41
4.92
0,74
3,62
2.03

1.01
0.05

zi. so
41.94
6,89

12.80

rl. os
23.60

24 .03
7 .23
0 .10
4.04
2.67
1..46
0.38

:.t.
2 .01

26.30
41 .18

5. 62
13. 81

2.6L
0.72
1.70
0.65
0 .31
3.62
1.90

32.03 26.00
24 .20 4r. 4 5
- 6.70

24 .24 13.66
5.24

- 0.r5
31.79 25.70
30. 5.1 37 .97
- 1.45

L9 .'13 15. 38

:." :
4.27 4.46
2.20 2 .88
2.0r. 1.66
0 .l-1 r.23
0.13 2.36
2.29 2.65
2.09 2.32
- 0.31
- l.r4
- 0.r8

i. ro
2.49
L.74
0.26
0.42
1. 00

:'o'

).oo i.rt
0.41, 0. s0
t-.41 r.23
0.67 0. 83
0.22 0.38
3.62 3.62
L.73 1.75

0.85 0.88
0.02 0.02

- 0.93
- 0.04

rotal 98.66

Agpalric 0.92
Index

ul.o"" on ignitlon;

97.9L 98.75 99.01 98.36 99.40 97.82 99.83

1.05 0 .88 0. 87 1.09 0.90 1.03 0.98

bNo.." for samples 1-? calculated with standard value
of Fezoe= 2.50.
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Explanation of, Table, 5. Sna1yses of whol"e roek and grouadlm:iss glass
of volcanlc eJecta and reeent flows fror* the Bulu[l,t of,
llt Ef,dbus.

1, 2-572,6* lrrrorttloclase phonollte bonbr enqrted fro-m ltt Eretnrs in
Decearber Lgilz.. Cotrlectecl or:r the northeast crater rin.

2. 25?26c" GlaEs of aborrc sqgPtre (Eleetron ni,eroBrobe analysl.s).

3, 25727, Ano:cttrlocl,aae phonolLte flow,or r$Bet ftarrlr of Mt Erebnrs
ctrat€tr, older tban 25725,

4, 25724, AnorthocXase trrhonolite bodo, errglted f'ron ![t E:cebus trn
Iate 1972. collected on the norttr crater rjai. Thls
boft was enryrted prlor Eo 25726.

5. 257249. Glass of above sqnptre (glectrcin ni.croprobe analyslsl.

6. 25725, Anorthoclase phonolLte florr on soutltrwest fl'enk of Mt E:rebus
efater,

7, 25'725Gr GX.ase of, above sarqrle (Electron uricrop:robe analysis) .

8, Anorthoclase pho.nol-i,te, sumit ef llt nrebus" Goldich et at. ' Lg75.

Samp1e number refers ts tbe petrotrogi.cal colleetion o'f the Geology
Departurentr vLctoria Universlty of Welllngrton.
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FIGURE 7. Total alkalls Versus silica PIot of whole rock and glass'/

grorrndnass analyses of anorttroclase phonolite from !lt' Erebus

and surrorurds, Antarctica. l{lrole rock (fltled squares) and

gJ.ass/groundmass(oPensquares)analyses;glassinclusions
!.n anorthoclase L (oPen triangle) , anortlroclase z (circle) I

anorthoc].ase3(inverbedtrlangle),allfromt}isstudy.
Published chenlca1 analyses of anorthoclase phonolite from

cape Roycls (cross), cape Evans (dot) and Mt Erebus (closed

triangle) from Prior (1907), Jensen (1916) r Srdth (1954) I

Boudette and Ford (L966), Carmichael (1964) and Goldich

et 87,t (1975)'
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Discussion

The chemistry of the Mt Erebus glasses and the ground-

mass of a flow, 0.68 flr.!. oJ-d, from Cape Royds are similar to

the glass inclusions in the anorthoclase (Fig. 8). Relative

to the whole rock samples the glasses and groundmass sampLe

show increased NarOn KzO I TiO2 and FeO (with the exception of

one sample), and decreased CaO, MgO and Al2O3,

AII whole rock major element analyses are very similar
(rigs 7 and 8), even though the samples were collected from

different localities up to 25 km apart, which vary from 0

to at Least 0.7 m.y. in age. Many of the differences could

be analytical resulting from varying analytical techniques

and, accuracies and the difficulty of obtaining representative

samples from such porphyritic rocks. The glass and whole rock

analyses suggest that the chemistry of Mt Erebus lavas has

remained virtually unchanged for at least 0.7 m,y.

Details of the REE data will be discussed elsewhere

(Kyle and Rankin, in preparation), however they have been

includ.ed here to show the positive Eu anomaly (Eu/nu't = L.31)

which is undoubtedly the result of feldspar accumulation

(Philpotts and SchnetzLer, L968; WeiII and Draker 1973).

The anorthoclase contains -2500 ppm Sr and, -2800 ppm Ba

(Table 4). Therefore the variable Sr and Ba contents of the

whole rock samples (Table 5) probably reflects differences in

the amount of cumulus anorthoclase

Basaltic lavas do not occur on Mt Erebus, but in the

surrounding centres basanites are the most abundant lavas.

The anorthoclase phonol-ite probably differentiated from a
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basanite (basanitoid) parent (Goldich et af. rI975) , the

nepheline hawaiite and nepheline benmoreite lavas at The

Fang and other areas around Mt Erebus (Fig. f) representing

the intermediate products in the process. Strontium isotope

ratios of anorthoclase phonolites (Jones and Walker, 1973)

overlap with the basanites indicating they may be comagnetic;

the average sr87/rr'6 of all analyses is 0.7035, thus crustal

contamination is unlLkely. The data above suggests that the

chemistry of Mt Erebus lavas has remained unchanged for over

0.7 m.y. Therefore the differentiation processes must have

occurred, repeatedly under identical conditions throughout the

Life of Mt Erebus, The constant composition may be related to

the stable tectonic environment of the Antarctic continent,

as indicated by the absence of tectonic earthquakes.

' Conclusions

1) Mineral chemistry indicates the anorthoclase

phonolites of Mt Erebus crystallized at temperatures of about,

}Ooooc under low o>q1gen fugacity (f., = 10-12'2) , although
-2

within the expected limits of phonolitic lavas.

2l Anoithoclase phenocrysts from bombs, flows and a

Lag gravel at Mt Erebus summit are slmilar in composition and

show only very minor zoning in terms of An and Or (fig, 3).

Their composition is similar to those in older phonoJ-ite flows

around the flank of Mt Erebus,

3) Mafic minerals in a lava from Cape Royds (Carmichael,

L967) are J.dentical to those analysed in bombs, flows and as
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inclusions in anorthoclase phenocrysts from l"lt Erebus summit.

Zoning is generally absent or only very minor.

4) GIass inclusions ln large anorthoclase phenocrysts

from Mt Erebus summlt show systematic variations in chemistry,

slightly larger than analytical error, FeO decreases and

A12O3 increases indicating crystal fractionation of mafic

minerals (olivine, sal-ite and magnetite) in a crustal magma

chamber. The changes are small and do not result in any major

nodification of the magrma composition.

5) AnorthocLase phonolite lavas from Mt Erebus and

surrounds have similar whole rock chenrical compositions. Any

variations may be due to differences in analytical uncertainties.
A REE analysis shows a positive Eu anomaly due to cumulus

anorthoclase. Varying amotrnts of cumulus anorthoclase may also

account for small variations of whole rock chemistry.

6) Glass analyses and the groundmass of an anorthoclase

phonolite flow are also very similar in composition.

7l Mineral, glass and whole rock chemist.ry in
anorthoclase phonolite samples of differing ages from Mt Erebus

and surrounds are very similar. The anorthoclase phonolite

lavas presumably formed by crystal fraetionation from a basanite

parent. The process has therefore occurred repeatedly under

identical conditions for at least the last 0,7 m.y.

8) The continued existence of the Mt Erebus lava lake

gives an ideal opportunity to search for short term variations

Ln magnna chemistry similar'to those found in glass inclusions

Ln anorthoclase phenocrysts.
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CHAPTER NINE

PETROGENESIS

Origin of the Basanites

Introduction

Basaltic lavas are predominant in the Balleny, Hallet,t
and Erebus volcanic provinces but are only minor in the
Melbourne volcanic province where salic lava types predominate.
In all provinces the basaltic lavas are mainly strongly
undersaturated and consist of basanites (basanitoids). A

few analyses of alkali basalt have been reported from the
Hallett volcanic province (pagel85 ).

The parent rnagma from which most of the differentiation
sequences discussed below were derived is considered to have
the composition of basanite. The Mg number (page2l2) shows
that most of the lava has been fractionated during its ascent
from the mantle. Fractionation probably involved removal of
olivine, clinopyroxene and lesser spinel, the m3in phases that
occur as phenocrysts and microphenocrysts in the lavas.
Basanite from DVDP holes is believed to be the best example
of unmodified mantle-derived basaltic material as it shows a
high pressure mineralogy, high It{g number (>67, and high Ni
concentrations (removal of olivine would cause a rapid.
depletion of Ni - hence it is a sensitive guide to olivine
fractionation) .

Experimental Studies

Basaltic magmas are believed to form by partial melting of
a peridotitic source rock under upper mantle conditions (Wyllie,
L97L; Green, L97Ll. Experimental studies on natural and
synthetic basaltic systems are numerous (Yoder and Tilley, L962i
Ito and Kennedyt L967, 1968; OrHara and Yod,er, L967; Green
and Ringrwood , L967 i Green I L968, L97L, L973; O'Hara, 1968;
Kushiro, L973; also see Boettcher, L975t for a review of work
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in the last five years). The studies are controversial with
many disagreements between the varj-ous workers (OrHara, 1968;
Kushiro, L969; and the discussion in Green, 1971) .

Factors affecting the composition of a basaltic liquid
at its source include (Wy1lie I I97J. p. 190):

1) Mineralogical composition of the mantle, which
varies with pressure and temperature,

2't Total pressure (depth).
3) Water pressure.
4l Degree of partj,al melting.

Recentry Eggler (L974) has shown that 
""o, 

plays an important
role in the generation of strongly silica:undersaturated,
magmas (basanites, nephelinites, kimberlites) and, must, also
be taken into consideration in experimental studies.

The origin of nepheline-normative basaltic magmas has
been studied. extensively by D. H. Green and his co-workers
(Bultitude and Green, 1968, L97L; Green, 1968, 1970a, Lg'10b,
1971, L973). rhey conclud,ed that basanites similar in
composition to those in the DVDP core (and most of the McMurdo

Volcanic Group) are produced in an upper mantle composed of
pyrolite (a model composition proposed for the upper mantle
by Green and Ringwood, 1963i Ringwood, L965) , with 0.1-0.2t
HzO, by a low degree of partial melting at depths of 80-120 km
(Bultitude and Green, 1968). Alkali basalt forms in a mantle
of the sane composition at a lower pressure by a larger degree
of partial melting (Green, L97L) .

Rare Earth Element Geochemistry

The concentration of rare earth elements (REE) in
basaltic lavas, assumed to have ascended from the mantle without
modificationr can be used to develop models for magirna generation
in the upper mantle. Alkali-rich, silica-undersaturated
basalts show a very strong enrichment of the light REE over
the heavy REE (La/Yb>2O) (see Chapter 7i Kay and Gast, 19731.
If a mantle composition with a EEE content 1-4 times chondrite
enriched is assumed, then formation of alkali basaltic magrna
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requires substantial enrichment of the light, REE. The strong
partition of heavy REE over light REE into garnet loce=6.01-0.02,

whD'"=4.0, Shimizu and Arculus, L975) indicates that separation
of garnet would give REE patterns similar to those observed in
alkali basaltic magmas. Models have been developed by Gast
(1968), Kay and Gast (1973), Shj-mizu and Arculus (1975), and

Sun and Hanson (1975).
A comparison of REE contents in the analysed DVDP

basanite with those given for rocks of alkali basaltic
compositions by Kay and Gast (1973) suggests they formed. by
L-2? partial melting of a hydrous garnet peridotite mantle
with REE concentrations 2 to 3 times chondrite. Sun and
Hanson (1975) suggested two models for the generation of
Ross Island basanite lavas. The first was similar to that
discussed above, while the second involved about 58 partial
rnelting of a garnet peridotite mantle with 3 times chondrite
for heavy REE, 4 times for Sm, 6.4 times for Nd, Ce 10.5 times
and La 13.7 times chondrite.

Discussion

Experimental stud,ies, parti.cularly those of Green, indicate
a greater degree of partial melting than required by the REE

models. Therefore the concentrations of the 'incompatiblel
elements (Green and Ringwood, L967)rwhich includ,e K, Ti, P, Ba,
Sr, Rb, Zr, Hf, U, Th, Pb and the light REE, in the experimental
studies will be considerably lower than actually observed, in
nature. To account for this Green and Ringwood. (1967) and
subsequent papers by Green and others have suggested a process
termed rwall-rock reactionr by which the incompatible elements
are concentrated in a magma. "In this process, it (is)
envisaged that a body of magma could, under some conditions,
cool by reaction with, and solution of, the lowest melting
fraction of any wall-rock material with which it was in
contactrr (Green, 1970b, p.51) and hence concentrate the
incompatible elements .
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The lower degree of partial melting required for most

REE models is difficult to conceive, as Carmichael et a7.,
(L974 p.652) state "to restrict the alkali-basalt fraction
to about 1 percent (partial melting) - (is) a figure that
seems much too low to account for the volume of alkaline lavas
in many island provinces". Sun and Hansonfs (1975) RXE model

involving a light, RnE enriched mantle and 5E partial meltingT
overcomes these difficulties.

Green and others in a recent abstract (Roy et a7 - r 1975)

have explained the origin of several Australian SiOr-under-
saturated alkali basalts by partial melting (<39) of pyrolite
at 25-30 kbars (80-100 km) in the presence of 2-7 wE t H2O'

The models were based on major element mass balance
calculations and were consistent r^lith the basalt REE

abundances if an upper mantle source had a twice cond.rite
REE abundance. Therefore some agreement appears to have

been reached between the REE and experimental models without
relying on rwall-rock reactj.onr or a REE-enriched mantle.

In the preceding sections different models developed
from the REE chemistry and high pressure and temperature
melting studies have been discussed. The composition of
basanites from the McMurdo Volcanj-c Group have been compared

to those used in the melting studiesr dnd models have also
been developed from the REE data. From these it is concluded
that basanites, the typical basaltic lavas in the Mclt{urdo

Volcanic Group, are formed, by partial melting of a hydrous
garnet peridotite (pyrolite) upPer mantle at pressures of
25-30 kbars (80-tO0 km).

Origin of the Lava Lineages

Introduction

For alkali rocks
those of all magmatic

potential evolutionary
suites, namelyr liquid

nrechanisms are
immiscibility,
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differentiation, assimilation, magmatic mixing' crustal and

mantle anatexis (Sorensen, L974, Chapter 6; Carmichael et d7. ,

L974, p.60). Addition mechanisms proposed specifically for
the formation of alkali rocks include volatile enrichment'
metasomatic processes and resorption of silicate minerals
(Sorensen, L974, Chapter 6).

The origin of the basaltic magma has been ascribed to
partial melting processes in the upper mantle (i.e. partial
mantle anatexis). Basanite magma is considered to be the
parentaT magma for most of the lava lineages found in the
McMurdo Volcanic Group.

Differentiation probably accounts for most of the variation
observed in the non-basaltic or evolved lavas and was also
responsible for modifying most of the basanites on their
ascent to the surface. In the Melbourne and Erebus volcanic
provinces evidence in favour of differentiation include:

1) Sr isotopes which indicate that all lavas are
broadly comagmatic and preclude Processes of assimilation
and crustal anatexis (pp.ZtO)

2) A continuous variation in major and trace element
geochemistry. The variations are not linear (Figs. 7.6 to '7.8,

7.L3, L.LA) as would be expected if magmatic mixing occurred.
Major and trace element variations are compatible with fractional
crystallization (fractionation) of mineral phases that occur as

phenocrysts in the lavas.
3) The mineralogy which shows well-developed fractionation

trends that are best explained by growth in a differentiating
magima (Figs. 5.1t 5.L2, 5.31 , 5.321 .

Mixing Models

In recent years several computer programmes have been

developed to model magrmatic processes (Bryan et a7., 1969;

Wright and Doherty, L970; Reid et a7., 1973). Recently Wright
(L974) discussed the methods and results of such calculations
and outlined general procedures for their use.
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Mass balance computer prograrnmes solve a number of equations,
equal to the number of elements being examined, by l-east square
methods so as to minimize the sum of the squares of the
resid.uals (i.e. the differences between the calculated and

observed compositions). In order to illustrate the procedures
a model for crystal fractionation in lavas from Hut Point
Peninsula and DVDP holes will be examined.

In the following discussion reference should be made

to Table 9.1. The suggested model indicates that kaersutite
phonolite can form by removal of 8.7* (weight. fraction =

0.0871) plagioclase, 3.28 magnetite, 0.8U apatite, 4.2*
kaersutite and 4.69 clinopyroxene from DVDP nepheline
benmoreite (2-54.72). The residual (phonolitic) Iiquid would
amount to 78.72 (by volume) of the original nepheline
benmoreite. Calculations are performed by adding phenocrysts
to the phonolite in order to make an estimate of the nepheline
benmoreite composition (i.e. the dependent vector). The

estimated and observed nepheline benmoreite compositions are
shown under Results (Table 9.1). A residual of about 0.1? is
consid.ered satisfactory.

Quantitative models such as that illustrated above can
be made only when good analyses of the lavas and mineral phases
are available.

Balleny volcanic province

The few available chemical analyses of rocks from the
Balleny Islands indicate that basanite is the most common.

Modification of these by fractional crystallization qf olivine,
clinopyroxene and. minor spinel (the dominant phenocryst phases)
probably gave rise to the rare hawaiite lavas. More field work
and sarnples are needed before details of the processes can be
discussed.
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Hallett volcanic provj.nce

Previously pr:blished data on Hallett volcanic province
rocks are examined here for comparison with the chemistry of
lavas from the other volcanic provinces.

Little has been written on the petrogenesis of the
alkali basalt,/basanite-trachyte-quartz trachyte sequence.

Harrington e t al., (L967 ) noted that the analyses when plotted
on an Fl,lA (FeO+FerO3 - MgO - NarO+KrO) diagram show a continuous
differentiation series which is similar to differentiation
curves of other basaltic provinces. Hamilton (L972) also
discussed the HaIIett rocks by reference to a FllA Plot. He

considered the chemical variations could be explained by

models involving accumulation of magnesian crystals and the
separation of calcic and ferromagnesian crystals combined

with addition of volatile alkalis and ferric iron-

Melbourne volcanic province

PARENTAI I"TAGMA

Basaltic lavas are generally lacking in the Melbourne

volcanic province and occur mainly in the volumetrically
minor Local Suite. Several analyses show these lavas are

basanites which have low concentrations of MgO and Ni and a
low lvlg number (51-64). The data suggest the lavas have been

fractionated during their ascent from the mantle, Cognate

olivine nodules (dunite) and the abundant glomeroporphyritic
clumps of olivine observed in thin section probably result
from accumulation at depth. Therefore it is probable that
the lavas \rere fractionated in the lower crusL or upper mantle
by crystal fractionation of olivine, clinopyroxene and minor
spinel. Removal of olivine has resulted in only minor
modification of the original composition.

The Pleiades belong to the Central Suite and are comPosed

of derivative lavas. Two basanite samples which belong to
the basanite-nepheline benmoreite lineage were also analysed
and have low lvlgO and Ni concentrations and a chemistry similar
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to the Local Suite basanites. The parental magma for the
sodic lineage is therefore believed to be similar to the
Local Suite lavas.

No basaltic lavas have been found interbedded with the
mildly potassic trachyandesite-peralkaline K-trachyte
lineage at The Pleiades. The basanites at The Pleiades
overlie potassic lineage lavas and show a close time,
geochemical and spatial relationship with the sodic lineage
Iavas. Therefore the composition of a basaltic parent for
the potassic lineage is somewhat speculative. Trends for
the sod.ic and potassic lineages converge at the basaltic
end of the major and trace element variation diagrams
(Figs. 7.4 to 7.8). It is therefore inferred that a basaltic
magima similar to that from which the basanites (both Local

Suite and those at The Pleiades) differentiated, was also
the parent for the potassic lineage lavas-

TRACHYANDES ITE-PERALKALINE K-TRACHYTE LINEAGE

The mildly potassic lavas at The Pleiades consist, of a

trachyandesite-tristanite-K-trachyte-peralkaline K-trachyte
lineage. Although there is some scatter within the lava lineage
there is a cont.inuous variation in chemistry. TiO2' total
iron (FerOa+FeO) r MgO, CaO, PZOS, Sr, Cr, Ni, and Cu all
decrease with increased SiO2. AI2O3 increases to the K-trachyte
then decreases in the peralkaline K-trachyte. Rb' KrO and

NarO are concentrated through the lineage. A genetic
relationship is indicated for the trachyandesite-peralkaline t

K-trachyte lineage by these systematic variations in chemistry.
The lineage is believed to form by a Process of crystal
fractionation. Rare earth element data is variable but it
is also considered consistent with this model.

Cognate plutonic inclusions believed to be of cumulate

origin, are found in the potassic lineage lavas. They contain
olivine, augite, plagioclase, apatite, magnetite and' ilmenite
as well as late phase interstitj-al kaersutite and titanobiotite.
The same phases with the exception of kaersutite and biotite
occur as phenocrYsts in the lavas,



310.

Fractionat,ion of the mafic minerals (olivine, augite
and opaques) and minor apatite could account for much of the
observed variations in the chemistry of the potassic series
lavas. The decrease in REE and rapid reduction in PZOS from
0.60* to 0.242 from tristanite to K-trachyte indicates a

large amount of apatite was removed. Minor feldspar
fractionation may have also occurred from tristanite to
K-trachyte as Sr shows a moderate decrease and Eu concentrations
go from a small positive Eu anomaly (Eu,/Eu* = 1.05) to a

small negative Eu anomaly (gu/fu't = 0.95).
The rapid decrease in Ba and Sr and the very large negative

Eu anomaly (Eu/Eu* = 0.10) in the peralkaline K-trachyte clearly
shows that fractionation of alkali and plagioclase feldspar
was important in the transition K-trachyte to peralkaline
K-trachyte. Preliminary mass balance calculations show that
fractionation of 35-40? feldspar and 78 mafic minerals and

apatite from a K-trachyte parent will give about 558 peralkaline
K-trachyte liquid.

The chemistry of any one rock type is variable so it is
likely that differentiation has occurred either in several upper
crustal magma chambers or if only one magma chamber was present
then different batches of magma vrere invol"ved.

BASANITE-NEPHELINE BENMOREITE LINEAGE

The basanite-nepheline benmorei.te lineage lavas show a

systematic variation in major and trace element chemistry which
is consistent with their formation by crystal fractionation.
There is a general enrichment in alL RnE from basanite to
nepheline hawaiite and a rapid d.epletion of Cr, V and Ni.
Phenocryst phases found in the basanites are olivine (which
contains j-nclusions of spinel) and clinopyroxene. Fractionation
of these phases would be consistent with the observed chemistry.

REE chemistry of a nepheline benmoreite shows an enrich-
ment of the light REE (La, C€, Pr, Nd) and heavy REE (Yb)

and a depletion of the middle REE, relative to the nepheline
hawaiite. It is considered to result from fractionation of
kaersutite. Phenocrysts of kaersutite and augite occur in
the nepheline hawaiite and nepheline benmoreite. The observed
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variations in chemistry are consistent with the fractionation
predom:inantly of kaersutite and augite. Fractionation of
minor amounts of feldsparT spinel and apatite may have occurred
to account for the observed small decreases in Sr, V and PZOS

respectively.

QUARTZ TRJACHYANDESITE-QUARTZ TRACHYTE LINEAGE

The strongly potassic oversaturated lavas at Mt Melbourne

are unique among the McMurdo Volcanic Group. OnIy a few

chemical analyses are available but these do show a reasonably
systematic variation in chemistry from 56 to 658 SiO2. It is
believed that the observed variations are the result of
fractional crystallization processes. If the lavas differentiated
from a basaltic parent then the basalt was probably saturated in
order to avoid the complication of crossing the thermal d.ivide,
which is effective at low pressure, in the basalt tetrahedron
(Yoder and Tilley' L962; Edgar, L9741.

Erebus volcanic province

KAERSUTITE LINEAGE

Lavas at Hut Point Peninsula including those penetrated
by the DVDP holes show the most complete geochemical and

petrographic sequence of any in the Erebus volcanic province.
They are examined here in some detail and used as a general
model for the formation of kaersutite lineage lavas.

An origin for the kaersutite lineage by crystal
fractionation from an initial basanite parental magma was

proposed on the basis of the cpntinuous chemical changes
(see Chapter 'lI. To test this a series of mixing models were

developed. Results have been discussed briefly under the rare
earth elements (see page244 ) t but are discussed more fully
here.

Four models are developed:
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I) parental basanite to fractionated basanite;
2l parental basanite to nepheline hawaiite;
3) nepheline hawaiite to nepheline benmoreitei
4) nepheline benmoreite to kaersutite phonolite,

Solutions for I to 3 are gi.ven in Appendix E, and 4 is
given in Table 9.1.

Basanite (1-88.55) hereafter termed rfractionated basanitel
has a marked depletion of Cr, Ni and MgO and an enrichment of
rare earth elements (REE) over what is considered the parental
basanite (2-99.341. The data suggest fractionation of olivine,
clinopyroxene and spinel. A successful mass balance model
(Appendix Er Table 1) confirms this prediction and indicates it
can be formed by crystallization and removal of 18.68 clino-
pyroxene, 1I.6t oU.vine, 1.38 spinel, 0.59 ilmenite and. 0.3t
apatite.

Nepheline hawaiite (2-7O.ALl has higher Cr and lower
Nb, Zr, Pb, Ld, Ce and Pr than the fractionated basanite,
indicating the two lavas cannot be related by a simple crystal
fractionation model. Trace element chemistry is however
compatible with the derivation of the nepheline hawaiite from
parental basanile by fractionation of olivine*pyroxene*spinel+
kaersutite. A successful model (AppendiX E, Table 2) indicates
that crystallization and removal of 27.2* pyroxene, 11.lt
olivine | 6.22 spinel, lI.6g kaersutite and 1.1* apatite from
basanite (2-99.34') would yietd 43.98 nepheline hawaiite. Some

difficulty was encountered in finding a suitable spinel
composition to satisfy the model. Spinels in the basanite
are typically strongly zoned (see Chapter 5). The two spinels
used in the mod.el calculations represent two extreme
compositions which are expecte$ to account for any natural
variation of the spinels during fractionation.

Nepheline benmoreite (2-54.72') can be derived from
nepheline hawaiite by fractional crystallization involving the
removal of I.758 plagioclase, 0.2* il-menite, 3.58 magnetite,
1.058 apatite, 9.0t kaersutite and 7.6* pyroxene (Appendix E,
Table 3). The estimated mod,el shows poor solutions for NarO
and KrO (with residuals of 0.14 and 0.13 respectively) although
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the overall solution appears satisfactory (XR2=0.06).
Kaersut,ite is now the main mafic phase removed and plagioclase
is beginning to crystallise and be removed.

The transition from nepheline benmoreite to kaersutite
phonolite (257931 has been discussed above (page 305 and Table
9.1). Pragiocrase fractionation is the main feature of this
transition. Kaersutite and pyroxene are removed, in nearly
equal amounts, the weight fraction of each being about half
that of plagioclase.

Apatite is removed in all steps of the basanite to
phonolite sequence and accounts for the regular decrease in
Pzos. rn the basanite to fractionated basanite transition
apatite is only very slightly fractionated (the model indicates
0.38 apatite removed) rn the same transition Tio, arso shows
an increase. Goldich et aj., (1975) were puzzled. by the
behaviour of PeO5, which increased in the basanites
(basanitoids) and rtrachybasaltsr, The mass barance model
indicates this increase can be satisfactorily explained by
the lack of apatite crystallization, hence p is concentrated
in the liquid.

Rare earth, element concentrations have been successfully
predicted using the mass balance solutions and pubrished
rare earth element partition coefficients (see Chapter 71.
These carculations add confidence to the suggested moders.

Prediction of trace element concentrations other than
REE are difficult due to a lack of data on partition
coefficients. Some elements are however concentrated in the
resid,ual liquid and are not partitioned into any mineral phase.
These rresidualr or rincompatibler elements include Rb, Cs,
Pb, Th and U.

The concentration of a trace element in a riquid can be
described by the equat,ion (Shaw, L97O; Zielinski , LgTSl ,

c.,.n-lr/"0 - Fffir
concentration of trace element in
concentration of trace element in
fraction of liquid remaining;
distribution coefficient of trace
phases removed.

co

c1
P

K

initial system;
remaining liquid;

element in mineral
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For a perfectly residual element K = 0r therefore

cl/co = +

As F is known from the mass balance calculations and CO is the
trace element concentration in the basanite (assumed parent)
then C, can be calculated in the fractionated lavas. Results
are shown in Table 9.2 and Figure 9.1.

Calculated values in the fractionated basanite are similar
or higher than the observed concentrations, with the exception
of Pb. Hence in satisfact,ory agreement with the fractionation
crystalJ.isation and mass balance models.

In the nepheline hawaiite, nepheline benmoreite and phonolite
the calculated residual element concentrations are gienerally
lower than the measured values. These discrepancies are
difficult to explain as the differences are outside analytical
error (Rb t3t; Cs, Pb, Th, U t15*). Assuming the analyses
are correct this then implies that either

I) F the fraction of liquid remaining is incorrect;
or 2l volatile elements (i.e. the residual elements) were
added to the system.

Neither explanation is entirely satisfactory. If the
first is accepted then the major element mass balance
calculations are incorrect. Assuming the observed concentrations
of residual elements in the parental basanite and phonolite
are correct and if K = 0 then F may be calculated. K is likely
to be >0 as minor partitioning would occur, therefore the
calculated F is a maximum. Results are given in Table 9.3.
Elements Cs, Pb and Th indicate that the phonol-ite would.

represent only 17* of the parent basanite liquid. This
compares with 26* as derived by the najor element, mass

balance calculations.
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FIGURE 9.1 Enrichment of some incompatiJcle elements in kaersutite
lineage lavas from Hut Poj"nt Peninsula and D\/DP holes.
Abrmdances nornalised reLative to D\IDP basanite 2-99.34.
Dashed llne lnclicates enrichment of perfectJ.y incompatlSle
element, as pre&icted by major element mass balance models.



TABLE 9.3 Fraction
assuming

Element

3L7.

Iiquid derived fron basanite
behaviour of elements listed.

of phonolitic
pure residual

co
Basanite pnoi8rit"

Rb

Cs

Pb

Th

U

30r3r

0.3115r

4.3 r'

4-6 '
r.0 ,

139t3r

I.7t15r
24.2 rl

26.7 rl

7.O rl

0.2158

o.L765

o.L777

o.L723

o.]-428

fraction of phonolite liquid.
measured concentration in trnrental basanite.
measured concentratLon in phonolite liquicl.

If the second explanation of volatile enrichment is
accepted then it is possible that other volatile components
such as K, Ld, Cel CO2t Er HrO and CI would also be enriched.
The last four named would be presumably lost during degassing
of the magrrna column when the lava flows were eruptedr €ts

there is no evidence of high concentrations of these components

in the rocks. Major element mass balance calculations appear
to be good for KrO while the calculated abundance of Ce is
also satj.sfactory. Therefore it is unlikely that K' Ce and La
have also been enriched (fig. 9.1).

Volatile enrichment appears to have affected the nepheline
hawaiite, nepheline benmoreite and kaersutite phonolite lavas
but not the fractionated basanite. It is noteworthy that the
first group of lavas all contain kaersutiter which requires
hydrous conditions for crystallization, High concentrations
of f and Cl would. also help stabilize the crystallization
of kaersutite (Holloway and Ford, 19731. There is no

mineraLogical- evidence of hydrous conditions during crystal-
lization of the fractionated basanite, also there is little
or no evj-dence suggesting volatile enrichment.

Because of the consistent nature of the major eLement and

REE data, the fractionation crystallization models developed
from the major element mass balance calculations are ad.opted
here to explain the formation of the kaersutite lineage.

F=
C=o
cg=
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Volatile enrichment is also invoked to expliiin the concentrations
of residual elements, Rb, CS, Pb, Th and U. Volatile enrichment

as a process has been used to explain the development of trends
in alkaline magmas from several volcanic provinces (see sunmary

in Sorens€rlr 1974, P.536). Price (1973) in his study of
Dunedin Volcano noted rsome sOrt of "vOlatile transfer" Process
might be important in concentrating the incompatible elements'
in the benmorei-te and. phonolite lavas.

The final step in the kaersutite trend is from kaersutite
phonolite to pyroxene (aegirine-augite) phonolite. ft is best
exhibited in lavas from Post Office HilI and The Kno1l, Cape

Crozier. Pyroxene phonolite (The Knoll) is strongly depleted
in Sr and to a lesser extent Ba, and is enriched in Rb,

total alkalis and KrO relative to the kaersutite phonolite
(Post Office HilI). TiOZ also decreases slightly. Fractional
crystallization of anorthoclase (a microphenocryst Phase)
and minor kaersutite or titanomagnetite in the kaersutite
phonolite would account for the observed changes in chemistry.
In the phonolites, aegirine-augite may have crystallised as

the main mafic phase instead of kaersutite due to an increase
in the oxygen fugacity. Aegirine-augite has a high Fe3+

concentration and this is favoured under conditions of high
or increasing oxygen fugacity'

Discussion
The fractional crystallization and volatile enrichment

model deveLoped for Hut Point Peninsula and DVDP lavas is
believed to be applicable to other Erebus volcanic Province
lava sequences. IntermediaLe lavas described by Adams (1973)

at Brown Peninsula are extremely similar both mineralogically
and geochemically to those at Hut Point Peninsula and DVDP.

Fractionation of the same mineral phases as indicated in the
mass balance models for Hut Point Peninsula, probably in
slightly different proportions, is therefore proposed to
account for the intermediate lavas at Brown Peninsula.

Intermediate lavas are generally lacking at Cape Bird
and Cape Crozier, but phonolite similar to that at Hut Point
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Peninsula does occur. It would be special pleading to invoke
any other process other than that discussed above for Hut Point
Peninsula lavas for the petrogenesis of phonolites at Cape

Bird and Cape Crozier.

EREBUS LINEAGE

No basaltic lavas are known from the Erebus Centre so it
is assumed that basanite similar to that found at surrounding
centres (e.g. Cape Crozier, Hut Point Peninsula) is the parent
for the observed fractionation trend.

Conclusions on the petrogenesis of the Erebus lineage
are difficult because of the almost complete lack of aphyric
lavas. RnE analyses of strongly porphyritic nepheline
hawaiite and nepheline benmoreite lavas show small negative
and positive Eu anomalies, Eu/Eu* = 0.91 and 1.04 respectively.
The nepheline hawaiite is unlikely therefore to contain
cumulus feldspar while the nepheline benmoreite may contain
minor cumulus feldspar. Anorthoclase phonolite from Mt Erebus

has a large positive Eu anomaly (Eu/Eu* = I.3l) resulting
from up to 272 cumulus anorthoclase. Therefore whole rock
analyses of the anorthoclase phonolite do not rePresent liquids
in a liquid line of descent.

A qualitative fractional crystallization model has been

discussed under the REE chemistry (see ChaPter 7). The main

mafic phenocryst phases of olivine, augite and opaques were

probably fractionated and would account for the observed REE

patterns and major and trace element chemistry. There is no

strong depletion of the midd,le REE so kaersutite was unlikely
to be of any importance during differentiation. Kaersutite
is also not usually observed as a phenocryst phase.

A feature of the Erebus lineage lavas is the abundance of
feldspar phenocrysts. Feldspar was not a major phase during
fractional crystallization processesr ds shown by the whole
rock-groundmass trend lines (page 208) and the lack of large
Eu anomalies. It is believed therefore that the feld.spar
crystalliSed at higher levels (i.e. lower pressure) than that
at which differentiation occurred.



320.

Conclusions

Differentiation by crystal fractionation of mantle-
derived basaltic magma is believed to expJ-ain the evolution
of most lava lineages within the McMurdo Volcanic Group. A

generalised petrogenetic scheme is shown in Fig. 9.2. Although
crystal fractionation could account for most of the observed
variation in the lineages, volatile enrichment is also
necessary, though less important, in the evolution of lineage
B.

In the Erebus volcanic province two chemically similar
lineages have been suggested (A and B, Fig. 9.21. Kaersutite
is important in the evolution of lineage B, whereas it does

not appear to be a major or important phase in lineage A
(Fig . 9.2') . What factors are therefore responsible for the
appearance of kaersutite?

Two factors, PH^O and temperature, are considered to be

responsible for the 5pp..tu,nce of kaersutite and could explain
the differences in the mineralogy of lineages A and B. Knutson
and Green (L975't , in experimental melts of a quartz normative
hawaiite, found that amphibole crystallised when the HtO content
was 58, at lower HrO contents (28) amphibole was not observed.
Holloway and Burnham (1972) have discussed the difficulties of
evaluating the effect of decreasing trr' on the upPer linit in
stability of amphiboles. It is not poisible at this stage to
give a minimum estimate of 

"""O 
in lineage B lavas' but the

presence of kaersutite <loes ifrply hydrous conditions prevailed.
The Ti versus AI relationship of kaersutite in McMurdo

Volcanic Group lavas (Fig. 5.24) suggests the kaersutite is
not mantle-derived and also is unlikely to have a shallow
crustal origin. Formation in the lower crust would seem most
likely. From an examination of kaersutite stability (fig. 5.25)
it was suggested (page l3l ) that kaersutite in McMurdo Volcanic
Group lavas crystallised at pressures below 12 kbars. At
12 kbars and lower pressures the upper stability limit of
kaersutite is about 1050oC (Yagi et a7., L975) (rig. 5.26).
Holloway and Burnham (L972) found kaersutite in melts of
tholeiitic basalt at 8 kbars and l050oc. They suggesLed it
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was atable to about 1060cC at 8 -kbars, in ekcellent agreement
with the str.bility determined by Yagi et a7. , (f 975) , In the
experiments of Holloway andl Burnhann, olivine and cLinopyroxene
continued to exist, at tenlleratrrtres above the stability of
kaersutite. Yagi et al., (1975) showed ttrat at pressures of
l0 kbars and Less and at temperaturieg. greater than 1050oCt

kaersutite wilL break down to olivine and cJ.inopyroxene.
It is therefore postulated that the occurrence of,

kaersutite in the kaersutite lineFge Lavas and not in tlre
shemical.Iy simi.Iar Erebus lLneage l"avas results from loriser
te.mperatnres (<1060"C) and higher 

"or' 
of the former.
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The Mantle P1ume Mode1

Recent and active volcanism in the McMurdo Sound area
clearly indicates the region is the site of a "hot spot".
The term "hot spot't is used here 'to describe localised
volcanicity as a surface feature without implying what sub-
surface phenomena are associated with it (Burke et al., 1973) |

(Chesworth, 1975). However Morgan (L972) assumed' that, hot
spots are rsurface expressions of deep mantle plumes roughly
I50 km in diameterr which consist of large convecting upl{ellings
of mantle material. As the material rises from the mantle it
apreads out in the asthenosphere causing stresses on the bottom
of plates and so drives them apart. Diapiric upwelling of
basalt magrma would be associated with the plume, with larger
volumes of magima upwelling at the centre of the plume than at
the fringes.

Kyle and CoLe (L974) (Chapter 2l recognised radial
triplex symmetry of vents about Mt Erebusr Ross Island. They

suggested the symmetry may have resulted from crustal doming

with the development of radial fractures. Radial triplex
symmetry occurred presumably because this is a least work

configuration. The action of a plume impinging on the crust
nay account for the inferred radial triplex fractures, similar
to, but on a smaller scale than, plume-generated' triple
junctions (Burke and Deweyr 1973).

Atl volcanic vents on Ross Is1and occur within a 50 km

radius of Mt Erebus. Mt Bird and Mt Terror are two major vents
on Ross Island, and are both 30 km from Mt Erebus (Fig. 3.I0).
Surface expression of volcanism on Ross Island therefore suggests
a plume about 100 krn in diameter, with the greatest amount of
volcanism within a diameter of about 50 km.

Mt Erebus is composed predominantly of anorthoclase
phonolite lavas. The differentiation model for anorthoclase
phonolite (F'ig. 9.2) implies a very large volunre of basaltic
and intermediate material underlying the volcano' presumably

in crustal magrma chambers. If the uplift model of Kyle and

CoIe (L974) is assumed then the centre of the postulated
plume vrould be the region of greatest mantle upwelling and
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crustal extension and hence a favourable site for large scale
magma chambers in which differentiation would occur.

Kaersutite lineage lavas are characteristic of the
eruptive centres surrounding Mt Erebus (i.e. Mt Bird,
Mt Terror and Hut Point Peninsula). The petrogenetic scheme

discussed above (Fig. 9.2) requires these to differentiate
from smaller, cooler and more hydrous batches of basaltic
magma. This therefore implies that the outer part of the
plume would be cooler and with a higher water pressure than
in the centre.

The model of a plume situated beneath Ross Island can
also be applied to the Mt Discovery area. Radial triplex
symmetry, similar to Ross Island, is also found at Mt Discovery
(KyIe and CoIe, L9741. The main centres at Brown Peninsula
and Mt Morning (Fig. 3.I0) are nearly 30 km from Mt Discovery,
similar to the vents on Ross fsland.. A plume 100 kn in
diameter would include all volcanic vents on Brown Peninsula,
llinna Bluff , Ivlt Morning, Black Island and the Koettlitz
Glacier (Fig. 3.10). Eruptive centres in the Dry Valleys
and part of White Island would not be covered by either the
Erebus or Discoyery plurnes.

Porphyritic lavas similar to the Erebus lineage lavas
occur on Mt Discovery, while kaersutite lineage lavas occur
at Brown Peninsula and probably at Mt Morning. The geology
of Minna Bluff is unknown. Therefore ML Discovery and its
surrounds are nearly identical in structure and petrology to
Mt Erebus and surrounds. These similarities are not likely
to be fortuitous.

It is concluded that l{cMurdo Sound is the site of two
hot spots each of which overlies a mantle plume. As the
plumes impinged on the crust they caused triplex radial
fractures. Large volumes of basaltic magma were intruded into
the crust at the centre of the plumes (i.e. the centre of the
triplex symmetry) and here it differentiated to give the large
volume of anorthoclase phonolite and associated, porphyritic
intermediate lavas r which are conrmon at Mt Erebus and
Flt Discovery. On the outer part of the plumes the basalt
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magma differentiated in much smaller crustal magrna chambers

under cooler and more hydrous conditions.
The occurrence of hot spots and the implications of

mantle plumes in the McMurdo Sound area have far reaching
consequences if the model of Morgan (L972't is followed in the
strict sense. Morgan suggested plumes were the driving
force for moving plates apart, he aLso suggested, the plumes

had a diameter of 150 kn. The pl.umes envisaged here are
smaller than those of Morgan and the model has been used only
to explain features of the volcanism. No conclusions are made

on the implications of the plume model to the tectonic
setting of the western Ross Sea area.
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APPENDIX A

PALEOMAGNETTC DETERMINATIONS AND RESULTS

Paleomagnetic measurements were made on oriented one

inch (25 mm) core samples collected using a portable gasoline-
engine dril.l, Kerosene was used, as a coolant and LubrLcant for
the drlLl"-blt, Remanent magnetism (RM) was measured using a
fluxgate-spinner magnetometer (See Lienart (1971) for a fuller
descrlption of the equJ-pment and anaJ.ytJ-cal procedures) . The

samples were not cleaned by demagnetizatlon techniques.
McMahon and Spall (1974arb) examined paleomagnetic core
samples from DVDP hole 2 and stated fduring both alternating
field (A,F,) and thermal demagnetization the major magnetic
component continued to be vertical and, very little migration
of the magnetic vector was noted, t The normal and reverse
paleomagnetlc dl-rections are almost parallel or antiparallel-
respectively to the present geomagnetic fie}d, which again
reflects an unlikely viscous component of magnetism. R.M.

measurements therefore refl-ect the poJ-arity at the time of
soLidificatlon of the lavas.

Instrumental and field orientation errors may be of the
following magnitudes:

1200 for declination (D); !l0o for inclination (r);
and l20t for magnetic lntensity (J).
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Table 1. Electron microprobe analyses of olivine in rocks from The Pleiad'es

Sa:nple 25703
Grain IC

Sio2 39.7 39.5
At2O3 0.05 0.05
Ti02
FeO* 17.6 L8.2
![nO 0.25 O.25
MgO 42.5 42.O
CaO Oi26 0.26
Cr2O3 n.d.
NiO O.l2 n.d.

sl 1.004 1.005
A1 0.002 0.001
Ti
Fe 0.372 0.386
Mn 0.005 0.005
M9 L.6O4 1.589
Ca 0.007 0.007
cr
Ni 0.003

38. 3

0. 04
0.05

22.5
o.42

36.2
o.27

o. 04

L.020
0.001
0,001
0.500
0.009
1.438
0.008

0.001

1.020
1.958
2.978

25 .8
74.2

39.4
0.05

L7.6
0. 25

42.L
o.26
n.d.
n.d.

39.5
0.04

18.6
0. 28

41.0
o.26
n.d.
n.d.

99.78

39.1
0.04
0.03

19.4
o.27

40.5
o.27

0.08

r.006
0.001
0.001
0.4L7
0.006
L.553
0. o07

0.002

1.005
1.987
2.993

2L.2
78.8

4-g

39.4
0. 04
0.04

L9.6
0.3r

39.7

n.d.
n.d.

1.0r9
0.001
0,001
0.424
o. oo7

'-u''

1. OI9
L.962
2.98I

2L.7
78. 3

25664
3

34.1
o.03
0.03

35.0
0.63

29.5
0.35

n.o.

33.9

0. 04
35.2
o.64

29.3
0,35

0.06

99.49

2C

TotaL 100.48 100.36 97.82

Nuniber of cations on the basis

99.66

of 4 (o)

1.005
0.002

o. 376
o. 005
1.599
otoot

L. o05
L.989
2.994

19. o
81. O

99,69 99.09

z 1.004
x 1.993
Sum 2.997

1.005
L.988
2.993

L.0I2
0.001

0.399
0.006
L.562
otoot

1.012
I.975
2.989

20.4
79.6

0.959
0.001
o. ool
0.82L
0.015
1.233
o,ott

0.959
2.O42
3.04r

40.0
60.0

0.956

0.001
o.829
0.015
I.229
0.011

0.001

0.956
2.086
3.O42

40.3
59.7

Fe
Mg

I8.8 19.5
8I.2 80.5



Table I continued

SarqtJ.e 2.5658 -sont.
G:cais 2R lC

33-B

o"06 0.03
37.4:5 36.3
0.73 0.72

27.O 27.9
0.32 0.34
n.d. 0,.06

33.85
0.03,
0.03

36.8
o.72

27.L
o.27
nJd.

3 31.

33.85

o,04
37.2
o;72

z7,o
0.3s
nid

0.03,
35.5
'0.71
27,5
0-26
n.d.

36.4
o.77

26.75
o..27
,R.d.

99. 16 99, l-5 98. gO 99. 16 .13 100.82 1O0.87

Nurnber Of, eations on the basis- of 4 (O)

SiO2
a:'ao
T:LOl
FeO*
MnO

4so
Cao
NiO

8i
A1
si
Fe
Mn
M9
Ca
Ni

g

x
gum

Fe
Mg

0.961.

0. oar
o.896
o.018
1..15'2
0,010

'0"96L
2.O17
3. O38

43.8
56.2

0i.95L

0.0CI1
0.8,53
0"o17
r..183
0.0tr0
0.002

0.96I
2"076
3.O37

42,2
s7.8

o.967
0"010tr
0. oo1
0.881.
0. ol8:
1.156
o.oQE

0.967
2.065
3.032

43,3;
56.7

0.001
0-887
0.017
I.15,o
0.011

0;9'55
2.066
3.032

43.5
56.5

t.004
o.001
0.00I
0.660
0.014
t.309
0.007

1.O04
t.992
2.9'96

33,5
65.5

0.998

a.662
o.013
L,320
0- 007

o.998
2.002
3.OCO

33.4
66,6^

L..00,2

o.001
0.665
o.013
1.307
0-008

1r002
L.994
2.996

33.,7
66..'5

0.001
0.83r
0, gr7
I.r.45
0.008

o.990
2.4O?.
2.992

42.L
57.9

0.993

o.868
o.o1,9
1.137
o:008

0.993
2.O32
3. OLs

43. 3

56.7

,2567L
4-g

37.5 37.3 37.5
0.0.4
0. 03 0.03

29.5 29,6 29.7
0-63 0.5? 0.58

32.8 33,1 32.8
0.23 0.25 0.26
n.d,.
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Sarple 2566L cont.
Graln 3R 2C

332.

6-g

Sio2
AIZO:
TJ.O2
FeO*
MnO
Mgo
CaO
NiO

35.9

35.6
0.79

26.6
o.24
n.d.

34.9 35.2
o.t7

37.6 37.8
0.83 0.75

26.L 27.3
o.27 0.25
n.d. n.d.

42.3

20.9
o.4

53. 2
46.8

25666
lC

38.6
0.05

21.1
0.30

40. L
o.22
0. t0

38,9
n.d.
n.d.

21.0
n.d.

40.3
o.22
0.15

38.0
0.06

24.L
0.36

38. O

0.20
0.07

r00.47 100.57 100.79

5-x

34.6
0. 03

25.2 41.8
1.31

36.9 22.L
0.1e o:33

100.17

0.998
0.001

1. oo9
0. o32
0.951
0.0I0

0.998
2.003
3.001

27 ,7 51.5
72.3 48.5

Total 100.13 99.70 101.47

Number of cations on the basis of 4 (O)

0.989
0.006

si
At
Tt
Fe
Mn
Mg
Ca
Ni

z
x
Surn

Fe
Mg

oless
0.019
L,ll0
0.007

1.004
1.99r
2.995

43.5
56,5

44.7
55.3

42.3
57.7

0.994
0.002

0.455
0.007
r,539
0.005
0,002

o.994
2.0t L
3.005

22.8
77.2

22.6
77.4

26.2
73,8

0.891 0.841
0.020 0.0r8
l.Lo2 1.146
0.008 0.008

0.989 0.989
2.OzL 2.0L9
3.01-0 3.008

0.999 0.99L
0.002

0.45L o.525
0.008

L.542 L.475
0.006 0.005
0.003 0.00L

0.999 0.991
2.OO2 2.OL7
3.001 3.008
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Table I continued

saeple 25702
Grain 4

SiO2
AlZog
xiOa
FeO*
ltho
llEO
CaO

total

z
,r
S1&

Fe
llg

33.5 33.4
0.03

-
56.4 57,0
2.37 2.46
9.73 9.01

, 0.30 0.32

102.33 102.19

Nurloer of, oatLons on the bssls of 4 (o)

si L.o22
Al 0.001
E1
I'e 1r4,4O
![n 0. 06l
U.g 0.443
Ca - 0,010

L.o25

L,46:2
0.064
o,4L2
o.010

L.O22 1.025
t.955 1.948
2.977 2.973

76.5 78.0
23.5 22.O
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Table 2. Electron rr-icroprobe analyses of pyroxenes in rocks from Tlre Pleiades

Samp1e 25703
Grain 3C

46.8
7.82
2.68
e-24
0. 14

]-'2.2
2L.4
0. 50

99.78

r.66
6.75

L.747
0.253
o.o92
0.075
o.047
o.211
0.004
o.679
0.855
o .036

2 .000
2 .000

48.9
38.8

46.9
8.22
t.77
8.26
0.16

l_3.5
2L.3
0.61
0. 06

100. 78

5.48
3. 33

50.2
3.44
0.95

L2.O
o.44

12.2
19.4
o.67

99. 30

L.41
10.7
99.44

1.901
0.099
0.0s4
o.o27
0.040
0.340
0.014
0.689
o.787
0.049

2.000
2.000

43.0
37.6
19. 3

4.5
63.1
32.4

2.7

4.9
u:o

35.6
34.5
17. 3

40.7
39.5
19.8

52.O
2.O5
o.52

13. 3
o.74

11.2
20.2
0.69

0.49
],2.86

1.958
o.o42
0.049
0.0I5
0.0r4
0.405
o.o24
o.629
o.8r5
0.050

2.000
2.000

43.5
33.5
22.9

4.6
56.8
38.6

1.5

5.1
3.r

38.8
3L.7
L9.8

43.0
35. r
2L.9

25668
4C

48.9
3.O2
1.45
7.94
0.19

14. O

2L.5
0.46
o.52

97.9e

2.47
5.72

49.2
3.06
1.53
8.41
o- 19

t4.4
2r.5
o.52
0.40

99.2L

2.65
6.02

2.83
5.86

r.690
0.3r0
0.090
0.093
o. 080
0. I84
o. 005
0.649
0.849
0. 048
0.001

2 .000
2.O00

50.3
38. 5
LL.2

5.4
73. 3
2L.3

t:n

4-8
10. 7
1.6

31. 7
32.5
9.4

43.0
44.t
t2 .8

4R4C5R5C3R

sioz
A12O3
TiO2
FeO*
MnO

Mgo
CaO
Na2O
Cr2O3
Sr.ur

Fe203
FeO
TotaL 99.95 10I.33 99.22 99.37

44.8 45.5
I0.1 8.50
2.97 3.05
8.73 8.21
0. 15 0. rs

LO.1 11.8
20.6 2L.2
0.9I 0.63
- 0.07

98.95 99.11

2.58 2.59
6.40 5.88

L.688 l_.71r
0.312 0.289
0.137 0.087
0.084 0.086
0.073 0.073
o.202 0.185
0.005 0.005
0.601 0.551
0.832 0.854
0.066 0.046
- 0.002

2.000 2.000
2.000 2.000

50.7 50.1
36.7 38.8
12.6 Ir.1
7.6 5.r

68.8 73.7
23.6 2J..2

.:n t:u

6.6 4.6
l-4 . o 10.2
0.3 L.4

30.2 32.6
30.0 33.1
10.3 9.5
42.8 43.4
42.6 44.O
L4.6 12.6

45.0
9.04
3.3r
8.4L
0.15

1_1.6
2l_. I

0.66
0.04

99. 3L l,00. 71

99.59 100.76

Number of cations on ttre basis of 6 (O)

98.23

1.8s7
0.135

o-041
0.071
0.182
0.006
o.792
0.875
0.034
0.016

L.992
2 .0L5

47.2
42.7
10.1

3.3
78.2
r8.5

4.L

3.4
2.6
1.8

39.3
39.4
9.3

44.6
44.8
10.6

99.48

l-.848
0. 135

0.043
0.075
o.189
0.006
0.806
o. 865
o. 038
0.0r2

r.983
2.O34

46.4
43.2
10. s

3.6
77.6
18.8

n:t

3.7
2.4
1.8

38.4
39.7
9.6

43.7
45.3
11.o

si
A1
A1
Ti
Fe
Fe

L.7L9
0. 281
o.o74
0. o49
0. 151
0.102
0.005
0.738
o. 836
0.043
0.002

2.000
2.O00

49.8
43- 9
6.4
4.9

83.1
t2. r

4.9

4.3
l,2.9
5.4

30. 3
36.9
5.4

4l..7
50.9
7.4

Fe 3+
2+

Mn
Mg
Ca
Na
Cr

z
)cY

Ca
Mg
re2++un L2.g

Na 3.9
Mq 73.O
r!2*+M' zs.t

Ca Ti Ts 7.5
NaTiP
Ac 3.6
Ca Ts 9.7
Fe Ts 0.5
Wo 34.0
En 34.0
Fs 10.e

Wo 43.2
En 43.2
Fs L3.7

Calculated pyroxene molecules



Table 2 continued

Sanple 25668 cont.
Grain 10C 10R

335.

49 -O 48.6
2.9L 2.48
1.89 1.81
8.73 8.76
0.19 0.21

L4 .2 L4. 3

21.5 2L.6
0.51 0.50
0.03

98.96 98.26

2.06 1.56
6.87 7.36

1.850 1.853
o.129 0.r11

0.054 0.052
0.059 0.045
o.2L7 0.235
0.006 0.007
o.799 0.813
0.870 0.883
0.037 0.037
0.001

L.979 1.965
2.042 2.O70

45.0 45.6
42.2 42.O
lL.8 12.5

3.5 3.4
75.4 74.5
21. t 22.L

5.3 5.0

3 .7 3,6
r.1 0.4
I.0 0.4

38.9 39.8
39.r 39.3
10.9 11.7

43.7 43.8
44.O 43.3
12.3 12.9

2CIR1R1C

49.7
2.18
1.49
8.98
0.19

13.8
21.5
o.47

98. 31

1.65
7.so

50.0
2.L4
r.16
8.48
o.2L

13.6
22.3
0.70

98.59

2.84
5 .93

50.0
2.L6
1.12
8.76
0. L8

13. r
22.L

0. 71

98.13

2.97
6.08

st.L
2.66
o.85
9.30
0. 19

13. 5
21.5

0.51-
o. 08

99.69

r.78
7.70

99.

2567L
2

51. 2
3.54
1.30
a.72
0.25

14. O

2L.2
0.56
n.d.

Loo.77

L.44
7.43

sio2
Al2o3
TiO2
FeO*
MnO
Mgo
CaO
Na2O
crro'.
Sum

Fe203
FeO
TotaI

49 .L 50.0
2.69 L.79
r.73 1,06
8.52 8.79
o.2r o.23

L4.3 L3.6
2L.5 22.L
o.44 0.65

98.49 98.22

1.89 2.36
6.92 6.67

si l-.860 r.901
Ar 0.120 0.080
A1
Ti 0.049 0.030
Fe3* 0.054 0.068
Fe2* O.2L6 0.2L2
!4n 0.007 0.007
Mg 0.808 o .77L
Ca 0.873 0.900
Na 0.032 0.048
Cr

z 1.980 L.982
xY 2.039 2.037

Ca 45.9 47 .6
Mg 42.4 40.8
re2+tlan 11.7 1"r.5

Na 3.0 4.6
Mg 76.0 74.3
re2*+un 2r.o 2L.1

4.8 3.0

3.2 4.7
t.r r.0
t.L 1.0

39.3 4L.8
39.6 37.8
I0.9 10.8

43.8 46.2
44.L 4L.9
LT.L 11.9

98.68 98.46 99.L7 98.42 98.48

1.889
0.098

0.043
o.047
0.238
0.006
o.782
0.876
0.035

1.987
2.026

46.0
41.1
L2.9

3.3
73.7
23.0

4.2

3.4
0.6
0.6

40.5
38.5
12.I
44.4
42.3
13.2

98.87

L.890
0.095

0.033
0.081
0. r87
0.007
o.765
o.903
o .051

1.986
2.O29

48.5
41.1
l-0.4

5.r
75.7
L9.2

3.2

5.L
r.4
I.4

41.5
37.8
9.6

46.7
42.5
10.8

98.43

1..899
0.097

0.032
0.085
0.193
0,006
0.742
0.899
0.052

1.995
2.O09

48.9
40. 3
10.8

5.3
74.7
20. 0

3.2

5.2
1.6
L.6

41,5
36.9
9.9

47.O
41.8
LL.2

1.9I0
o.090
o.o27
o.o24
0.050
o.24L
o.006
o.752
0.861
0.037
0.002

2.000
2. OO0

46.3
40.4
13. 3

3.6
72.6
23.8

2.4

3.?
3.5
0.6

39.8
37.6
L2.4

44.4
41.9
13.7

100.92

t.887
o. Lt3
0.041
0.036
0.040
o.229
0.008
o.769
0.837
o.040

2.000
2.000

45.4
4L.7
L2.9

3.8
73.5
22.7

3.6

4.0
4.1"

38. O

38.5
1r.8
43.0
43.6
13.4

Number of cations on the basis of 6 (O)

Calculated pyroxene molecules

Ca Ti Ts
NaTi P

Ac
Ca Ts
Fe Ts
$lo

En
Fs

$lo
En
Fs



336.

Grain 4C

Table 2 continued

Sample 2 cont.
4R 3-

49.5 50.6
4-69 0.78
1.72 0.33
8.70 20.7
0.2L 1.03

L3.2 7.23
2L.5 L9,2

0. s7 0.s7
n.d. n.d.

100. 09 I-00.44

z.LO 1.19
6.81 19.6

1,840 L.976
0,160 0,o24
0.046 0.012
0.048 0.010
0.059 0.035
o.2r2 0.641
0.007 0.034
0.731 0.42L
0.856 0.804
0.041 0.043

2.000 2.000
2.000 2.000

47.4 42.3
40.5 22 .2
L2.L 35.5

4.2 3.8
73.8 36.9
22,O 59. 3

4.8

4.L
5.5
0.9

37.2
36.6
10.9

44.O
43.2
L2.9

1.0

4.3
0.8

39.4
2L.L
33 .4

41.9
22.5
35 .6

25566
6C

47.4
7.46
2.O2
6.97
0. 13

L3.2
2L.4
o.62
o.44

99.64

2.70
4.54

45.9
8.66
2.46
7.49
0.11

L2.7
2r.0
o.72
0.21

99.25

3.76
4.1r

6R6I6C

sio2
A12O3
Tio2
FeO*
MnO

Mgo
CaO
NarO
CraO3
Sum

Fe2O3
FeO
TotaI

Si
AI
A1
Ti
Fe3*
Fe2f
Mn
Mg
Ca
Na
Cr

49.6
4.26
L.52
8.86
o.26

L3.2
2L.6
0.53
n.d.

99.83

2.34
6.76

99 .63

L.711
o.289
o.091
o.059
0.105
o.l-28
0.003
0.706
0.839
0. 052
0.006

2.000
2.000

50. 1
42.L
7.8
5.8

79.4
14.8

6.9 s.6

5.2 5.2
L2.2 1r.3
2.7 2.4

31.1 31.8
35.3 37 .2
5.6 6.6

42.6 42.1
48.4 49.2

9 .0 8.7

47.L
7.70
L.99
7.30 r0.05
0.13

13.4 14.8
20.8 L9.2
0.72
0.32

99.46

3. 55
4. 11

99 .82

L.748
o.252
0.085
0.055
0.099
o.L27
0.004
o.74L
0.827
0.052
0.009

2 .000
2 .000

48.7 40.2
43.6 43. 3

7 .7 16.5

5.6
80.2
L4.2

100.07 r00.30 00.53 98.89

1.850
0.15Q
0.037
0.043
0,065
0.211
0.008
o.734
0.863
o.038

1.866
0.134
0 .040
0.038
0.073
o. 313
o. 013
0.666
0.802
0.056

2 .000
2 .000

44.7
37. r
18.2

5.3
63.5
3t.2

99.44

1.858
o.I42
0.042
0 ,038
o. 076
o.267
0.010
o.698
0.817
0.052

2 .000
2 ,000

45.6
38 .9
15.5

5.r
68.0
26.9

t:t

5.2
5.4
I.2

35.7
34.9
13.8

42,3
41.3
L6,4

99.9r

t.759
o.24L
0 .085
0.056
0.075
0,14r
0.004
0.730
0.851
0.045
0.013

2.000
2 .000

49.3
42.3
8.4

4.8
79.4
15.8

u:u

4.5
I0.7
I.5

33.7
36. 6
7.3

43.4
47.2
9.4

Nunber of cations on the basis of 6 (O)

Calculated pyroxene molecules

z 2.000
xY 2.000

Ca 47.5
Mg 4o.4
re2++un L2.1

Na 3.9
M9 74.O
r4+ +un 22.1

Ca Ti Ts 4.3
NaTiP
Ac 3.8
Ca Ts 5.1
Fe Ts 1.4
Wo 37.8
En 36.7
Fs lI.0
Wo 44.2
En 43.0
Fs L2.8

3.8

5.6
4.8
0.9

35.3
33.3
16.3

41.6
39.2
19,2

48.9 49.2
3.85 4 .L4
1.33 1.35

12. t_ 10.85
0.41 0.32

11 .7 L2.4
19.6 20.2
0.75 0.7L
n.d. n.d.

98.64 99.L7

2.54 2.67
9.81 8.45



337.

Table 2 continued

Sanple 25666 cont.
Grain 12 I
SiO2
A1203
TiO2
FeO*
!{rxO

Mgo
CaO
Na2O
Cr2O3
Sr:sl

Fe2O3
FeO
Total-

47.2
6.59
2.32
8.23
0. 15

13. 3
21. O

o.62

50.8
2.26
0.89

10.0
0.28

13 .6
2l..2
0.45

1r. L

1.3. s
L9.6

9.72

l_4.0
20.4

51.3
r. 39
L.03

11.2
0.43

13. 3
20 .5
0.43

50.3
2.52
L.26

11.3 10.9
0.40

13.4 L3.6
19,8 19.5
0.64

50.8 51.0
2.34 2.32
L.14 l_. L7

11.6 11.2
0.34 0.39

t3.5 13.6
I9.3 L9.4
0.62 0.60

99.41

3.7r
4.89

99.48

2.48
7.77

99.58

L.23
r0.1

99.62

2.94
8.66

99.64 99.68

2,O4 1.60
9.76 9.76

99,78 99.73

Nr:mber of catlons on the basLs of 6 (O)

si
A1
A1
Ti
Fe3+
Fe2*
![rt
t'lg
Ca
Na
Cr

99.7L

1.936
0.062

o.o29
0.035
0. 319
0.014
0.748
0.829
0.03I

1.998
2.005

43.4
39.2
L7.4

2.4
67.3
29.9

2.9

3.r
o.2
o.2

39.7
37.3
16.6

42.4
39.9
L7.7

99.92

1.890
0. L10
0.002
0.036
0.083
o.272
0.013
0.751
o.797
o,o47

2.000
2.000

43. s
41.0
15.5

4.3
69.4
26.3

3.6

4.7
2.0
1.8

36.2
37.s
L4.2

41.1
42.7
L6.2

99.84

1.91O
0.090
0.013
0.032
0.058
o. 307
0.0L1
0.7s5
o.777
0.045

2.000
2.000

42.O
40.9
L7.2

4.0
67.6
28.4

3.2

4.5
2.O
0.6

36.0
37.8
15.9

40.1
42.2
L7.7

99.84

r.915
0.085
o.oI8
0.033
0.045
0.307
0.012
0.761
o. 780
0.044

2.000
2.000

42.O
40.9
17.1

3.9
67.7
28.4

3.3

4.4
1.8
0.1

36.4
38. L
16. O

40.3
42.1
L7.6

z 2.000 2.000
xv 2.000 2.000

Ca 48.4 45.7
Mg 42.6 40.8
re2r+Mn 9.0 13.6

Na 4.8 3.1
Mg 78.5 72 .7
re2++ltr 16.7 24.2

1,760 r.905
o.240 0.094
0.050 0.0Q6
0.055 0.025
0.104 0.070
0.152 0.244
0.o05 0.009
0.739 0.761
0.839 0.852
0.045 0.033

6.5 2.5

4.5 3.3
8.0 2.5
3.0 1.9

33.2 39,2
37.0 38.0
7.9 L2.6

41. 6
40.0
18.4

42.9
41,1
16.0

41.5
40.4
18.1

Calculated pyroxene molecules

Ca Ti Ts
NaTiP
Ac
CA Ts
Fe Ts
Wo

En
FS

Vilo 42.6 43.6
En 47 .4 42.3
Fs L0.1 14.I



338.

Table 2 continued

SanpIe
Grain

25687
8C

48.7
5.74
1.87

10. r
o.24

1r.5
2L.2
o.77

48.6
5.99
L.85

I0,3
o.27

11.4
21.l_
o.77

50.4
3.10
o.77

14.3
o.74
9. tl

2T,L
0,78

4-a

51.1
2.L6
0.61

13 .5
0.88
9.97

2L.4
0.99

51.4
1.40
o. s4

15.5
0.88
8,98

2L. o
0.60

5R5c

SiO2
Al2O3
TiO2
FeO*
MnO

Mgo
CaO

Na2O
Sum

Fe2O3
FeO
Tota1

48.9 45.4
4.95 8.55
1.54 3.44

L2,8 11.1
0.54 0 .32
9 .28 9.54

20.7 2L.2
0.80 0.9I

5I.4 50.7
0.96 2.L7
0.32 0.64

L7.2 16.6
I.25 0.98
6.47 8.10

20. L 20,9
1.63 0.71

I00. 12

1.84
8.44

100.28

1.91
8.58

99.51 100.46

o.29 2.70
t2.54 8.67

100.30 100.61

L.09 2.80
13,3 lL.O

99.34 L00.70

2.06 0.92
15.3 I5.8

100.40

o.26
15.4

100.30 I00.47 99.54 100.73 100.39 L00.91

Nuriber of catl-ons on the basis of 6 (O)

100.46

r.971
0. o29
0.035
o.016
0,008
0.493
0.029
0.513
0.863
0.045

2. OO0

2.000

45.5
27.O
27.5

4.L
47.6
48.3

r.6

4.5
1.6

42.O
25.9
24.4

45.4
28.L
26.5

99.49 100.82

si
AI
A1
Ti
Fe3*
Fe2+
Mn

.Mg
Ca
NA

z
)ff
Ca
Mg

1.823
o.L77
0.076
0.053
0.052
o.264
0.008
o,642
0.850
0.056

2.000
2.000

48.2
36.4

48.1
36.2
L5.7

47.2
29.5
23.3

1.708
o,292
0.087
0.097
0,076
o.273
0. oI0
0.535
0.855
0.066

2,000
2 .000

51.1
32.O
16,9

7.5
60,5
32.0

9.7

6.6
9.2
0.5

33.0
26.8
L4.2

44.6
36.2
L9.2

L.922
0 ,078
0.061
0,o22
0.03r
o,425
o,o24
0.518
o.862
0.058

2.000.
2.000

47.L
28.3
24.5

5.6
50.6
43. I

2.2

5.8
4.8

39.9
26,1
2L.2

45.7
29.9
24.4

I.93I
0.069
o.o27
0.017
0.080
0.347
0. o28
o.562
0.866
0.073

2.000
2.000

48.1
3r.1
20 .8

7.2
55.6
37.2

L.7

7.2
3.L
0.4

40.7
28. L
18.8

46.5
32.1
2L.4

2.003

o.044
0.009
0.050
0.500
0.041
o. 376
0.839
0. r23

2 .003
L.994

47.8
2L.4
30.8

r1.8
36.1
52.0

1.0

L2.6
1.3

4l-.6
L9.2
24.4

48.9
22.5
28.6

1.945
0.054
o.o44
o. ot8
o.o27
0.506
o.029
0.463
o.859
o. 053

2 .000
2.000

46. 3
24.9
28.8

5.2
44.O
50.8

1.9

5.5
3.I

40.8
23.3
25.5

45 .5
26.O
28.5

1,8L7 1.870
0.183 0.130
0.081 0.093
0.052 0.o44
0.054 0,008
0.268 0.40L
0.009 0.01_7
0.635 0.529
0.845 0.848
o.056 0,059

2.000 2.000
2.000 2.000

re2++un 15.4

Na 5.8
Ittg 56.2
re2++un 28.0

5.8 5.9
65.5 52 .5
28.6 4L.6

Calculated pyroxene rnolecules

CaTiTs 5.3
NaTIP
Ac 5.6
Ca Ts 7.4
Fe Ts
Wo 36.2
En 32.I
Fs 13.4

Wo 44.3
En 39.3
Fs 16.4

5.2

5.6
8.0

4.5

6.0
6.8

35.7 37 .3
3L.8 26.8
L3.8 18.6

43.9 45.1
39.L 32.4
L7.0 22 .5



Table 2 continued

SiOZ
AlZog
TiO2
FeO*
MnO
Mgo
CaO
Na20
Kzo
Surn

Fe2O3
FeO
Total

Sample 25702
Grain 2

339.

50.8 50.9
L.22 1. L3
0.38 0.29

18.5 L9.0
1.L0 0.91
8.04 7.5L

19.8 20.4
0.46 0.54
0.07

0.46 1.43
18. t- 17 .7

L.972 L.969
0.028 0.031
o.o27 0.021
0.01L 0.008
0.013 0.o42
0.587 0.573
0.036 0.030
o.465 0.433
0.823 0.845
0.035 0.048
0. 003

2.000 2.000
2.0O2 2.000

43.1 44.9
24.3 23.0
32.6 32.O

3,4 4.4
4I.3 40.0
55.3 55.6

l.l 0.8

3.8 4.8
L.7 L.7

40.0 41.0
23.4 2L.7
30.1 29.9

42.8 44.3
25.O 23.4
32.2 32.3

100.97 .21 100,37 I00. 99.59 r00. 3 10r.23

51.6 51.8
1.33 l.3r
0.33 0.3r

r7.5 L7 .9
0.90 0.8?
8.71 8.44

20.0 L9.9
0.60 0.65

0.03

0. 38 0, 1-5

L7 .2 L7.8

43. t 43.2
27.L 26.5
29.7 30.3

49.2
2.L7
0.70

19.0
0.96
7.60

L9.2
0,71
0. 05

2.2L
17.0

50.4
0.95
o.26

2L.9
1.01
5.26

L9.8
0.65

0.20
2L.70

50.8
L.09
o.29

22.L
t_.Lo
5.37

19.8
o.68

0.34
2r.8

25699
1C

47.5
0.63
o.25

26-7
r.59
1.48

19.8
L.20

99.15

3. 58
23.5

1R

48.4
o. Il
0.50

31.4
2.L7
0. L3

L0.2
5.00

97.9L

12.1
20.6

10r.05 I01.26 100.42 100.9r 99.80 I00.23 LO]-.27

Nr-rniber of cations on the basis of 6 (O)

L.924
0. 076
o.024
0.021-
0.065
0. 555
0.032
0.443
0.804
0.054
0.002

2.000
2.001

43.8
24.L
32.O

5.2
40.7
54.1

2.L

5.6
2.9
0.4

37.5
22.L
29.4

42.L
24.9
33. 0

L.992
0.008
0.036
0.008
0.006
0. 718
0.034
0.310
0.839
0.050

2.000
2.000

44.L
16. 3

39. 6

4.5
27.9
67.6

0.8

5.0
1.5

41. 3

Is .7
35.8

44.5
16.9
38.6

1.987
0. oL3
0.037
0.009
0.01-o
0.713
0.036
0.313
0.830
0.052

2.000
2. 000

43.8
15.5
39.6

4.6
28.1
67.3

0.9

5.2
L.7

40.7
15.8
35.8

44.L
17.1
38.8

99 -53

1.951
o.030

o.oo8
0.1r1
0.806
0.055
0.091
0.871
0.096

r.981
2.O37

47 -8
5.0

47.2

9.1
8.6

82.2

0.8

9.4
o.7
o.7

4L.6
4.4

42.3

47.L
5.0

47.8

99.2L

1.984
0.005

0.015
o.372
0.705
0. 075
0.008
0.448
0. 397

I.990
2.O2L

36.2
0.5

63. I
33.5
o.7

65.8

0.3
2.5

36.8

22.O
0.1

38.3

36.5
0.1

63.4

si L.977 1.983
A1 0.023 0.017
A1 0.037 0.043
Ti o.0l-0 0. 009
Fe3* o.otl o.oo4
Fe2* o.550 0.569
![]1 0. 029 0. 028
I,tg 0.497 0.482
ca 0.821 0,816
Na 0.045 0.048
K - 0.001

z 2.000 2.000
xY 2.000 2,001

Ca 43.3 43.1
Mq 26.2 25.4
r!2++un go.s 31.5

Na 4.O 4.4
Mg 44.4 42,7
re2t+Mn 5r.6 52.9

Calculated pyroxene molecules

Ca Ti Ts I.0 0.9
NaTiP
Ac 4. 5 5.0
Ca Ts 2.L 2.L
Fe Ts
Wo 39.9 39"8
En 25.1 24.3
Fs 27.5 27.9

Wo

En
FS
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Tabl-e 2 continued

Sarple
Grain

25699 cont.
53

sio2
A12O3
TiO2
FeO*
MnO
Mgo
CaO
Na20
Kzo
Sun

Ee2O3
FeO
Total

si
A1
AI
Ti
re 3f
Fe2*
Mn
Mg
Ca
Na
K

z
)ff

Ca
M9

47.6
0.38
o.23

28.1
1.55
1.83

18.8
1.50

50.7
0. 14
L.30

28.7
1. 09

2.43
11.7
0.03

50.9
0.30
0.83

28.7
r.68

r.33
L2.7
0.04

50.7
0. L3
0. 54

29.6
1.35

1.88
12. o

0. 03

50.0 47.9
o.13 0. t 5
0.48 0.23

29.9 29.9
L.46 2.18
' 0.43

2.38 16.8
I1.l 1.85

0. 03
99.99

4.00
24.s

96. 09

27,8
3.72

96,48

3r.5
0. 33

96. 33

29.8
2.75

95.48 99.44

27.8 4.54
4.85 25.8

re2++un 48.8

Na 10.6
M9 9.9
Fe2?+l,tn 79.5

1.989 L.975
0.005 0.014

0.038 0.o24
0.820 0.92L
o.L22 0.011
0.036 0,055

o.102 0.055
0.890 0.955
0.002 0.002

1.995
2.010

I.989
2.O23

39.2 45.7

60.8 54.3

84.9 93.6

L5.1 6.4

0.3
7.O

81,7

4.9

e]
44.9

55. I

o.7
3.4

91.2

2.4

2.3

51.0

49.O

98.23

1.987
0.006

0.014
0.833
0.161
0.049

0.101
0.855
0. 002

1.993
2. 015

32.5

67.5

80.3

L9.7

0.3 0.4
2.2 0.7

82.8 13.9

4.9 36.4
L.2

9.8 47.5

33.2 42.8
1.4

66.8 55.8

100,39 98.91 99.61 99.28

1.945
0.0r8

o.007
0.123
0.837
0,054
0. LLl
o.823
0. 119

1.'963
2.O74

45.r
6.r

I.983
0.006

0.019
0.878
0.090
0.045

0 .079
0.910
o.001

1.989
2.A22

36.9

63.1

87. L

L2-9

0.3
3.1

87.0

3.8

sle
39.3

60.7

99.88

L.977
0.007

0.007
0.l-41
0.891
0.076
0.026
o.743
0. 148

1.984
2.032

42.e
1.5

55.7

13.0
2.3

e4.7

Nunber of cations on the basis of 6 (o)

Calculated pyroxene molecules

Ca Ti Ts O.7
NaTiP
Ac 1L.5
Ca Ts O.2
Fe Ts 0.2
Wo 39.L
En 5.4
Fs 43.0

I{o 44.8
En 6.1
Fs 49.I



Sam5rJ-e 25703
Grain l-ntp 3-np 2-np

25668
4

25671
1

25687
lC IR

25702
3l_

sio2 39.6 40.0 39.3
A12O3 13. 3 L2.8 13. I
Tio2 6.34 6.L5 6.40
FeO* L2.I I2.1 L2.2
MnO 0.L9 O.l8 0.21
Mgo 11. 6 IL. 7 Ll-. 6
Cao 11.6 11.5 11.3
Na2O 2.75 2.64 2.68
KzO 0.96 l-.04 L.oo
Cr2o3 n"d. n.d. n.d.
NiO n.d. n.d. n.d.

4l_.0
9.95
4.77

t2.4
0.19

t2.8
11.6
2.95
r.56
0.08
0.04

40.8
12.55
6.43

12. 3
0. 20

L2.L
1,1. 7
2.69
0.96
n.d.
n. d..

40.8 40.05
11.6 Ir.2
5.30 4.63

L6.7 19 - 8
0.37 0.48
9.37 7.82

11.1 r1.1
2.67 2.90
1.38 L.42
n.d. n.d.
n.d. n.d.

39.7 40.3
L2.9 13.0
5.95 5 .97

13.2 13.3
o.2L 0.20

r1.9 l_r.2
r0.9 11.3
2.82 2.69
0.81 0.94
n.d. n.d.
n.d. n. d.

Sunr 98.44 98.11 97 .79

Fe2o3 0.76 I.06 L.09
Feo 11.4 11.1 I1.2

97.34

4.03
e.77

99.73

L.32
rl. 1

99.40

3.74
17.0

99.29

2.06
14.85

98.39 98.90

2.60 1. 19
10.9 L2.2

Total. 98.50 98.17 97.88 97.74 99.85 99.50 99 .74 98.69 98.99

341.

Tabl-e 3. Electron nicroprobe analyses of anphiboles in rocks from The Pleiades

Nnuiber of cations on the basis of 23 (o)

si
A1
AL
Ti
Fe
Mn
M9
Ca
Na
K
Cr
Ni

z
Y
x

Sunr

Fe2+

Fe3+

ss.
Mg+Fe+!,h 0.63

5. 955
2.L45
0.171
0. 705
I.493
o.024
2.567
1.836
0.788
o-'''

8.000
4.960
2.805

15. 765

16.8

5.928
2.O72
0.163
0.685
1.502
0. 023
2.594
r.823
0,758
o_trt

8.000
4.968
2.778

L5.746

0.63

11.6

5.854
2.L46
0.154
o.7L7
L.520
o.027
2.575
1.804
o.773
o,tto

8.000
4.993
2.767

15.760

o.62

11.5

6.L72
L.766

0. 540
I.56I
o.024
2.872
1. 871
0. 861
0. 300
0.0r0
0.004

7. 938
5.011
3.032

5.958
2.O42
0.116
0.705
L.496
0.025
2.623
I.823
o.762
o-'''

8.000
4.965
2.763

6. L10
1.890
0.150
0.597
2.O94
o.o47
2 .091
L.774
o.776
o-rrt

8. 000
4.979
2. 813

6.097
1.903
0.107
0. 530
2.523
0. 06r
L.776
r. 808
0.855
o_rru

8.000
4.996
2.938

5.893
2.to7
0. L48
0.664
r.635
0.026
2.629
L.731
0. 8I1
o-'u'

8.000
5. r02
2.695

5.944
2.056
o.207
o.662
r.638
o. o25
2.469
L.787
o.769
o 

_rn

8.000
5.001
2.733

Ls.797 15.734

0.62 0.60

4.6 tr.4

L5.792 15.934

0. s0 0.41

8.0 5.0

L5.728

o.73

9.4



Table 3 contisuedl

Sastgll€ 257,A2 cont.
GraLn 5 4'

,g42.

basLs of 23 (o)

Sioe
.[I2o3
EiO2
FeO*
l[n0
Mgo
CaO
Na2O
Kzo
Cr2O3
NiO
glrqr

Fe2O3
FeO

Eotal,

Nudber

40.8
L2.2
s. 12

17.05
0.37
9-44

10.7
2.89
0.95
n.d.
tl. d.

4I.5
1I.8
4.93

L7.6
0.39
9-37

10.6
2.80
1.11
n,d.

si
AI
A1
Ti
FE
lln
ltg
Ca
Na
K
Cx
N1

99"52 100.00

2.42 2.78
l4,'9 1,5.1

99.79 100.29

of cations ba tbe
6.OBr 6.162
1.919 1,838
0.2L9 A,22:.8
0,574 0.539
2.l,26 2.1.89
0.047 0.049
2.098 2.0:13
1.704 1.6A1
0.835 0.e06
0.18i 0.2tr0

n.,d,

8.000 8.o00
5.064 5.O79
2.720 2.697

15.784 15.775

0"49 0.49

6,9 6.0

7t

Y.
![

Sue

re2+.

ge3*
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Table 4. Electron microprobe anal-yses of biotite in rocks from The pleiAdes

Sample 25658
Grain 2 IC

25702
132

35.9 35.7 34.8
13.8 13.5 13.85
7.00 6.69 6.90

23.9 24.9s 26.25
o.29 0.33 0.36
7.81 7 .36 5.96
- 0.03

o.74 0.72 0.72
8 . t6 8.26 8. 11
n.d. n.d. n,d.
n.d. n.d. n.d.

94.73 94.4L 94.36 93.75 97.60 97.54 96.95

SiO2
A12O3
Tio2
FeO*
MnO
Mgo
CaO
Na2O
Kzo
Cr2O3
NiO

Sunr

36.65 36.7
I3.2 L2.7
6.07 6.49

L2.9 I3.2
0.13 0.t1

1.6.L t5.6

0.56 0.78
8.97 8.79

0.05 0.04

5.484
2.324
o.L92
0.491
1.5r2
0.017
3. 589

0.191_
1.7t3
0.007

8. OOO

s. ?Is
1,904

38.0 36.4
L2.4 13. O

5.37 5.88
I2.7 L3.2
0.I3 0.05

16.6 I5.4
0.05 0.04
0.42 0.62
8.62 9.16

o -o7

si
A1
Ti
Ti
Fe
!4n
Mg
Ca
Na
K
Ni

5.515 5.576
2.25t 2. 168
o.234 0. 156
o.499 0.447
1.661 L.s80
0.014 0. 0l-7
3.488 3.694
- 0.008

o.228 0. l_23
1.585 L.642
0.005 0.008

8.000 8.000
5.667 5.746
1.913 L.765

5.475 5.410
2.442 2.538
0.083 0.052
0.689 0.775
3.199 3.415
0.043 0.048
1.683 1.382
0.004
0.213 0.2t7
t.615 I.608

8.000 8.000
5.614 5.620
1.832 t.82s

5.518
2.32L
o. L61
0.509
1.671
o.006
3.480
o.005
0.181
r.770

8.000
5.666
1.957

5.467
2.472
0.061
0.740
3.041
0.037
L.772

0.219
I.584

8.000
5. 590
1.803

z
Y
x

Nunber of cations on the basj_s of 22 (O)
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Table 5. ELectron microprobe analyses of magnetite and maghemite in
rocks from The Pleiades

Sauple 25703
Grain 4-i J-l_

0.r4 0.r1
17.35 18.7
8. l_7 6.33
0.06 0.15

64.5 65. 3

0.39 0.36
6.37 6.24
o. L2

97.05 97.L9

29.0 28.4
38.4 39.8

25668
3-xg

n.d. n.d.
L9.4 15.O
2.88 2.69
n.d. n.d.

7L.7 76.2
0.69 0.52
1.90 L.37

96.58 95.7e

28.7 37.3
45.8 42.6

99.38 99.48

54.4 4I-.6

0.IL 0.08
20.7 20.6
3.61 3.98
n.d. n.d.

69.6 69.0
0.81 0.86
2.55 2.81

IO

Sioz
TiO2.
A1203
Cr2O3
FeO*
MnO
Mgo
CaO
NiO

Sum

Fe203
FeO

TotaI

Usp *

Sio2
Tio2
Al-zOg
Cr2O3
f,'eOr
MnO

l,tgo
CaO
Nio

Surn 97,51

Fe2q 24.8
FeO 45.4

TotaL 100.01

Usp * 58.4

97.11 97.52

24.9 25.O
45.4 45.8

99.61 99 .92

58.2 58.3

97.38 97.33

25.9 23.9
46.3 45.8

99.98 l-00.03

57.9 57.4

n.d. n.d.
13.5 12.5
2.60 3. t 0
n.d. n.d.

77.5 77.6
o.4s 0.45
L.47 1.13

95.54 94.81

40.3 41.0
4L.2 40.7

99.54 98.9I

36.9 35.2

25666
5-i

0.06 0.09
5,26 4 r 8L
3.l-3 2,L7
0.15 0.13

82.9 84. 5
0.49 0.42
0.68 0.70
0.05
0.04

92.76 92.82

54.0 56,1
34.3 34.0

98.16 98.42

I3.8 L2.S

o. Ll
17.9
8.93
0.60

60.5
0.22
u-n'

94.75

24.7
38. 3

97.25

48.1

0.09
2L.2
4,24
n.d.

67.7
o.67
3.6L

o.L2
20. 3
4.66

65.9
o. 39
6.14

n.d.
1[.6
2.65
n.d.

76.6
o.44
1.15

95.47

37.7
42.6

99.L7

4L.2

Sanrple 2566L
Grain 3C

99.95 100.09 100.31

43.0 46.8 50.5

97.5L

27.6
41.1

0.09 0.09
20 .8 2I, O

4.44 4.I8
n-d. n.d.

67.8 68.4
o.74 0.72
3.24 3.13

2R3R

0. Lo
21.05
3.84
n.d.

69.l-
o.76
2. 8L

0. l0
2L.5
2.97
n.d.

69.4
o.88
2.L5

97.66

25.2
46.4

r00.16

58. 7

96.90

24.7
47.2

99.40

60.6



Table 5 continued

34 5.

25699
I

o.Lz 0.27
10.75 7.96
0.08 0.09
n.d. n.d.

79.O2 40.42
0.66 0.70

0.03
0.08 0.74

0.14

90.7t 90.35

gz.sl 89.4I
0.00 0-00

99.49 99.33

Sample 25702 cont.
Grain 2

Sio2
TtO2
AI2O3
Cr2O3
I'eO*
MnO
Mgo
CaO
Na20
Kzo

0. 13
20. o
I.50
n.d.

73.9
1.lL
o,7l
n.d.
n.d.
n.d.

Sum 97.35

Fe2O3 28.9
FeO 47.9

Total 100.25

Usp * 56.6

lrotal Fe as Fe2o3

Sample 25666 cont.
Grain 2 6-a

25687
324-g56-g

25702
I3

Sio2
TiO2
A1203
Cr2O3
FeO*
MnO
Mgo
CaO
Nio

Sum

FeZOg
FeO

TotaL

Usp t

0.12 0.16
5.3L L.57
L-42 0.63
0.03

85.0 88.6
0. t_9 0. 35
0.45 0.52

0.08

92.52 9l_.91

5s.7 64.0
34.9 31.1

98.12 98.41

15.0 3,1

0.13 0.o7 0.o8 0.L8 0.10
ig.e 22.4 16.7 16.6 t6.o

1. 91 2 .L5 1. 59 i.. 16 1. 13
n.d. n,d. n.d. n.d. n.d.

70.2 70. 5 72.6 73.4 74.O
1. 63 r . 91 L,80 2 . 08 L.77
0. 80 0 .97 0.54 - O.29
n.d. n.d. n.d. 0.09 n.d.
n.d. n.d. n.d. n.d.

0.10 0.12
20.7 L9.2
1.91 1.75
n.d. n.d.

72.4 73.8
1. 12 L.25
0.81 0.82
n.d. n.d.
n.d. n.d.

94.27 98.00 93.31 93.51 93.29

26 .9 24.O 32 .6 33. 0 34 .4
46.0 48. 9 43.2 43 .7 43 .1

97.O4 96.94

26.7 30.1
48.3 46.8

96.97 L00.4 96.52 96.81 96.29

57. 3 62 .9 48. 3 48 .6 46.4

99.64 100.04

59.2 54.2
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TabLe 6. Electron nicroprobe analyses of iLmenite in rocks from The Pleiades

SampIe
Grain 10

25668
211

s:-l.z
0.06
n.d,.

43.8
0.64
3.40

0.06

51.5
0.07
n.d.

43.9
0.78
3.37

0.05
48.9
0.15

45. L
0.84
3.43
o.05
0.05

25666
2-L

98.57

9.00
37. O

99.47

10.1

SiO2
Tio2
A12O3
Cr2O3
FeO*
!,trO
Mgo
cao
NIO

Strrn

Fe2O3
FeO

TotaL

99.66 99.62

4.4e 4.8
39.7 39.5

I00.04 100.02

99.55 r.00. L2

4,25 4.46
40.3 40.3

99.90 100.58

4.6

n.d.
51.6 51.6

0. 06
n.d. n.d.
44.L 44.2
0.68 0.79
3.28 2.96
- n.d.

n.d.

srlg szlr
0.05 0.06
n.d. n.d.

44.3 44.4
0.65 0.67
3,21 3.08

nrl

100.31

4. 08
40.7

r00.59

4.4

0.08 0.o3
46.5 47.O
0.11 0.07
- o.r8

47 .O 48.I
0.89 0.95
3.16 2.22

0.03

97 .74 98.58

L2.9 11.9
35.3 37.3

98.94 99.68

14,3 11.9

99.72

4.7L
39.9

100.23

5.1En t 4.9 5.3

SanpIe
Grain

4.8

25587
I

SiO2
Iio2 49.4
AJ.2o3 0.2I
Cr2O3 n.d.
FeO* 45.5
llnO 1.66
Mgo 2.36
CaO
NiO n.d.
Sun 99.13

Fe2Og 7.7
FeO 38.6

Total 99.93

HB t 8.5
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Tabl-e 7. Electron microprobe analyses of feldspars in rocks from The Pleiades

Sa^nple 25703
Grain 4 tc-g 1R-g ro-s

59.8
23.7
0. 04
o.23
0. 02
6.65
7.L5
o.94

L0.850
5. 059
0.006
0.035
0.005
L.294
2.515
0.218

3I-x

s8. 3
24.7

0. 04
0. 25

7.70
6.69
o.73

2567L
L7

54.3
27.9

0.60

ulz
4.97
o.42

9,872
5.975

o.492

2.278
1. 7s3
0.097

15. 847
4.220

20.067

55.2
42.5
2.3

sio2
A12O3
Tioz
FeO*
ugo
CaO
Na2O
Kzo

Susr

53.2
27.9

0. 53

ulg
4.59
0.36

54.7
26.8
0.l_8
0.70
0.12

10.7
4.98
0. s6

9.808 l_O.035
6.061 5.789

o.024
0.082 0.108
- 0.033

2.350 2.LO6
l_.638 L.772
0.083 0.130

15.951 15.989
4.O7]- 4.008

20.o22 L9,997

55.0 55.7
25. 8 26,2
0.20
0.74 0. 66
0.09

10.I LO.2
5. 16 5.24
0.60 0.58

10. r83
5.627
o.o27
0.115
0-o24
2. 005
1.851_
o.142

54.4 55.1
27.4 25.7

0.62 0.40

ulo rolg
5.02 5-36
0.38 0.42

9.933 10.083
5.896 5.755

0.095 0.062

zl.zaa z]ar
t.77s I.900
o.089 0.098

15.829 15.838
4.223 4.20L

20.o52 20.039

54.8 51.7
43.0 45.9
2.2 2.4

98.48 98.74 97.69 98.58 98.53 98.41_ 99.89 99.42 98.88

Nurrber of cations on the basis of 32 (O)

st
A1
Ti
Fe
Mg
Ca
Na
K

50.1
46.3
3.6

I0.209
5.654

0.102

zloor
L.e64
0. 136

50.0
46.6
3.4

32.L
62.5
5.4

10.520
5.294
0.005
0. 037

1.502
2.362
0. 169

15.956
4. 033

19.989

37.2
58.6
4.2

z
x
x

r'5.976 L5.955 Is.9s5
3.998 4.001 4.O27

L9.974 19.966 19.982

MoIe t
Ca 57.7
Na 4O,2
K 2,L

52.5
44.2
3.3



TabLe 7 continued

Sample
Grain

2557L cont.
19-g

55.7
26.7
0.54

t_0 .5
5.6L
0. 37

I0. 130
5.723
0.083

,2.OAL
I.978
0.086

56.3
26.5
0. 55

10.4
5.65
o.42

10. L87
5.656
0.084
2,018
1.993
o.o97

r5-g

56. O

26.3
o.52

10.4
5. 65
o.47

10.l_92
5.642
0.079
2.O20
1. 996
0. 109

348.

56.2
26.L
0.6s
9.83
5.98
0.43

I0. 239
5.597
0,099
1.920
2.tLz
o. Iot

r6-g

56-7
25.6
0.56

L0. t
5.98
o.2l

Lo. 308
5.495
0.085
L.970
2. r09
o.062

56.1
26.4

o. 70
9.70
6.0r
0.34

10. 206
5.662
0.105
1.890
2.LLg
o.o79

15.868
4.L94

20.062

46.2
51.8

2.O

2568?
10-s

66.5
18.8
0.28
o.42
5.65
7. 38

12.010
4.011
o. 043
0.082
1.978
1.701

15. 02r
3.804

19.825

2.2
52.6
45.2

t_5

SiO2
A1203
FeO*
CaO

Na20
Kzo

Sum

66.8 55.8
l_9.9 19. I
o.79 0.3r
a.67 0. 71
5.78 6.2L
6.34 6.39

1l-.879
4. 183
o.l-17
0.128
L.992
L.440

11.934
4.O73
o.047
0.138
2.183
L.479

t6.062 16.007
3.680 3 .847

L9.742 19.854

3.6 3.6
56.0 57.4
44.4 39.0

99.42 99.82 99.34 99.19 99.2L 99.25 99.03 L00.28 98.52

Number of cations on the basis of 32 (O)

si
A1
FE
Ca
Na
K

z
x
E

15.853 15.843
4.188 4.L82

20.041 20.O25

l_5. 834 15.836 15.803
4.204 4.232 4.226

20.038 20.068 20.O29

Mole t
Ca 49.7
Na 48.2
K 2.L

49.2
48.4
2.4

49.O
48.4
2.6

46.5
51.1
2.4

47.6
50.9
1.5



Table 7 continued

Samp1e 25687
Grain lC

57 .9 66 .4 65.6
25.4 L8.8 19. r
o.27 0.30 0,20
8.08 0.45 0.82
6.36 6.04 6.50
o.79 7 .33 6.70

10.499 11.988 rL.890
5.442 3.993 4.O74
0.041 0.045 0.030
1.571 0.087 0.r59
2.237 2.LL4 2.287
o.r82 L.690 1.55L

L5-94r ls.98r L5.964
4.038 3.935 4.O27

L9.979 L9.9r7 19.991

349.

56.6 66.5
26.2 r9.5
0.31 0.27
8.65 7.8r
6.66 5.84
o.44 0.77

10.301 11.617
5.627 4.OL4
o.o47 0.040
r.687 1.463
2.349 2. 316
0.L02 0.171

L5-928 15.631
4.185 3.990

20.113 L9.621

40.8
56.8
2.4

37. r
58.6
4.3

cont.
IR 28

SiOz
AI2O3
FeO*
CaO
Na2O
Kzo

Sum

si
A1
Fe
Ca
Na
K

z
x
I

98.80 99.3L 98.92 98.86 101.69 99.80 98.9r 99.30 99. 15

63.9
2L.5
o.22
4.00
7.6e
2.50

25699
3C

65.5
19. O

0.20
o.42
5.55
7.24

LL.90r
4.065
0.030
0.0u1
2. 305
L.676

15.966
4.O92

20.058

2.O
56.7
41.3

66.7
L8.l_
0.86
0. Is
7. 08
6.41

65.7
19.5

0. t6
o.55
6.75
6.48

r1.856
4.154
o.o24
0.106
2 .36r
L.493

16. O10
3.984

L9.994

2.7
59 .5
37.7

Nunber of cations on the basis of 3z (O)

MoIe t
Ca 39.4
Na 56.0
K 4.6

2.2
54. 3

43. 5

4.0
57.2
38. I

11 .406
4.517
0.033
0.766
2.659
0. 570

t5 .923
4.O28

19.951

L9.2
66.6
L4.2

L2.O45
3.850
0.130
0.02e
2.480
L.477

t 5.895
4.LL6

20.011

o.7
62.2
37.1



3s0.

Tab1e 7 conti.nued

Sample 25699 cont.
Grain 1I II L2t35R5C1R

sio2
Al2O3
FeO*
CaO
Na20
Kzo

Sum

65.2
L9.8
0. 16
L.23
7.L9
5.4L

65.2
19. e
0.15
1.07
7.79
4.93

66.5
20. I

0. 38
o.76
7.77
5.24

66.3
19. O

0. 34
o.32
6.95
6.80

67.O
I_8.3
o.72
0.13
7.L2
6.15

68.6
t9.r
0.85
0. 33
7.O7

66.7
18.3
o.77
0. 15
7.16
6. L9

66.4
19. I
o.67
o.25
7.29
5.71

66.8
IS.5
0.30
0.48
7.54
5.515 -72

98.99 98.94 100.75 99.7L 99,42 L00.67 99.27 99.42 99.13

Nusiber of cations on the basis of 32 (O)

si
A1
Fe
Ca
Na
K

z
x
t

LL.7?6
4.203
0.o24
o. 238
2.51-8
L.247

11.766 r1.791
4.204 4.L92
0.023 0.056
o.207 0.145
2.726 2.67L
1.L35 t.L86

LL.927
4.O28
0.052
0.062
2.42L
1,559

I.5
59.9
38. 6

L2-046
3.886
0.108
0.025
2.483
1.409

0.6
63.4
36. 0

12.030
3.941
0.125
o.062
2.405
1. 280

L.7
64.2
34.1

L2.O32
3.883
0.117
o.o29
2.507
L.427

o.7
63.3
36. O

11.933
4.040
0.101
0.048
2.542
1.3t 0

L2.O20
3.9L6
0.048
0. 093
2.633
I.264

15.973 ls.936
4.001 4.038

L9.974 19.974

1.2 2.3
65.2 66.0
33.6 3I.7

t5.979 15.970 L5.983 15.955 15.932 Is.9?1 15.915
4.027 4.091 4.058 4.094 4.025 3.872 4.080

20. 006 20. 061 20.041 20 .O49 L9 .957 1,9. 843 19. 995

Mole t
Ca 5.9
Na 62.9
K 3L.2

5.1
67.O
27.9

3.6
66.8
29.6



Tabte 7 continued

351.

32 (o)

Samp1e 256,99 eont.
Graln 2L 20 tr9

SiO2
A1203
FeO*
CaCI

NaZO
Keo

56.9
18.5
o.r7
o.24
7.5;
5. ?0

66.? 66.5
18.6 19.0
0.36 0.50
0-67 0.44
7.75 7.85
4.87 5.58

Sun 99.47 98.95

Nur0cer of'aations on ttre

12.01,0
3,920
o.ro85
0.o45
2.6.31
1.306

15.930
4.068

19.998

L12
66.1
32.1

11.991
3.950
0.05,5
o.tr29
2.102
1. L18

15.941
4,004

19.945

99.97

basls of

11.9t8
4.OO3
0.075
0.o85
2.724
L.2V4

15.92r
4.158

20.o79

sr.
A1
Fe
Ca
Na
K

7'

x
E

Mole t
ca
Na
K

3.3 2.L
68.4 66.7
29.3 3L2



352,

|fable 8. E].ectron nl,croprobe analyse€ of apati.te in rsochs
llhe F!.eiades

sio2
a12o3

Ei,O2

EeO*

Mno

utto

CaO

Naro

Pzos

Sun

Sqmtrfle 25668
Grain 2

0.20

0.03

0.09

olo.
52,L

o.L6

43.45

96.09

o.20 0.27

0.03

o-21

L.72 0,70

0.05 0,09

Q.18 0.28

50.8 51.2

o.l5 0.08

4.4.O 43.5

91.4L 96.L2

2s661
l-i

o.24

0.03

.0.11

0. os

52.4

o.09

43.9

96.72
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INTRODUCTION

This paper presente qrarrtitative electron rnicroprobe analyses of minerala in
core eamplee frorn the Dry Valley Drilling Project (DVDPIholea I and 2. Pre-
lirninary petrographic descriptiona of sqne of the sarnples and detailed core logs are
given elsewhere (Treves and Kyle, l9?3).

In the tablea contained herein the analysed earnplee are ligted in order of in-
creasing depth within each hole. The earnple number refere firstly to the hole and this
ig followed by the depth inmetres. Analyses for all ferromagnesium minerals are
listed in order of increaeing FeO. Felspare and apatites are lieted by increasing NaZO
and CaO respectively, Where there is more than one analyeis per glain the core is
always listed firet.
ueed:

To designate the position of analyaie the following syrnbols are

core
rirn

intermediate between core and rim

c
R
I-

Scane were made to determine the homogeneity
is presented thie usually indicates no zoning or
analysis was rnade near the centre.

The following lower case symbols were
of crystal analysed:

used where applicable to denote the type

of graine and where
only weak zoning.

only one analysis
In such grains the

I
x

(010)

alteration product
groundmaas; used only when the sample was porphyritic
inclusion within another mineral
xenocryst
sector when crystal showed sector zoning.

Analytical Method

Analyses were made using a Japanese Electron Optics Laboratory electron probe
X-ray microanalyser Model JXA-5A at the Department of Geology, Univegsity of Otago,
Instrumental settings were: l5kV accelerating potential, 2.0 to 3.0 Xl0 amps specirnen
current on periclase and a I -2 /tn beam size. Corrections for absorption, fluorescence
and atomic number were apqlied using the method of Bence and Albee (1968) and the alpha
correction factors, for a 40- takeoff angle, Iisted in Kughiro and Nakamura (1970).
Corlections for dead-time, background and drift were made. Each complete analysis
and also tlre partial analysee of pyroxenes and olivines represente a minimurn of 5 in-
dividual I0 second counta per element. For the feldspara it was usual only to accurnu-
late a single l0 second count. Corrections for ttre paltial analysea were made assuming
the rnineral was stoichometric and consisted purely of the end members CaSiO.,
t"tgsi9f , 

^Fu510f 
for the pyroxenesr 

- FerSi0n. MgrSiO, for the olivines and KAlSi30B,
NaAISirir, 

-C{\IZSiZ0g 
for +he feldsparl. Data S.ras ieduced at the C,omputer Cenlre,

Unive r s'itf of Canle rbuiy,

Standard materials were as follows: natural albite from Amelia (Na), adularia
from Gotthard (K), hematite from Sennin Mine (Fe), maganoeite from Nodatamagawa
Mine (Mn); synthetic corundum (AI), wollaetonite (Ca,Si), NiO(Ni), Crr0, (Cr),
periclase (Mg), rutile (Ti).

In all analyees total iron was determined as Fe0, in the pyroxenee however
FuZ03 was calculated by allotting equivalent amounts of Fer0, to NaZO.

Recalculation of magnetite and ilmenite analysee were made using.the met\gde
of Carmichael (1967). For t}e spiqels total Fe has been aaaigned to Fe-' and Fe-' on
the assumption of a formula Rz* Ratt0n with digeolved FeaTiOn.
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Sarnple
Grain

TABLE I

Electron Microprobe Analysee of Olivinee in DVDP I and 2 Core Sarnplea

r -121. 88
lclR6c6R42CZR8 7'g 3-g

SiO2 39.5
Al2O3 0.05
TiO2 0.03
FeO L3.Z
MaO 0. l7
Mgo 46.1
CaO 0.26
Nio o.zL
CrZO3 0.03

39.4 39.2
0.06 0.03
0. 03 0.0?

14.3 14.3
0. 19 0. 19

44.8 44.6
0.30. o.29
0. 15 0. 15

38. I
0. 0?
0,05

20.L 15. I
0. r9

39.7 44.3
0.33 0.28

o. :'

38.0 37.1
0.06 0.05
0.03 0.06

16.3 zz.2
O.ZO 0. i14

42,7 37.8
o.34 0.38o.:r o.1t

38.4 38.2 36.8
0.04 0.06 0.03

0.02 0.05
18.8 2-0.3 Z3.Z
0.31 0.25 O,49

40.6 40.2 37,7
0.20 o. 19 0.36
o.:r o.:r 0.-06

Sum 99.55 99.23 98.78

0.99r 0.997 0.996
0.001 0.002 0.001

o.27? 0.302 0.304
0.004 0.004 0.004
1.723 1.686 1.687
0.007 0.008 0.008
0.004 0.003 0.003
0.004

98. 87 97.78 98. 14 98.48 99. 31 98. 69

Number of Ions on the Basis of 4(0)

si
A1
Ti
Fe
Mn
Mg
Ca
Ni
Cr

z
x
Sum

0. 996
2,007
3.003

0. 989
0. 002
0. 001
0.322
0.004
r. 682
0. 008
0. 002

0. 989
z, ozL
3.010

0.999
2,002
3.001

0.985 0.989
0.002 0.001

- 0.001
0.355 0.495
0.004 0.010
1.652 1.501
0.010 0.0I1
0.003 0.002

0.985 0.989
z.026 2.021
3.0L2 3.010

75.2
24.8

0. 999 0.992 0. 980
0.001 0.002 0.001

0. 00I
0.410 0.442 0.517
0.00? 0.006 0.011
1.575 1.558 1,497
0.006 0.005 0.010
0.003 0.002 0.001

Fo
Fa

0.991 o.997
2,02o z, o05
3.001 3,o02

86.2 84.8
13.8 Ls.Z

84.7 77.9 83. 9
I 5. 3 ZZ.r 16. I

79.4 77.9 74.3
zo.6 22.L 23.?

o.992 0.980
2,015 2.038
3.007 3.0I8

39. 8
0. 04

13.8 14. 0
0. z1

45.9 46. r
0.41 0, 38
o.zz

82.3
L7.7

Sample
Grain
SiO2
A12O3
TiOZ
FeO
MnO
Mgo
CaO
Nio
Cr2O3

Sum

l-131.
I

t-18?.64
IC I 5R5C

3?.8
0. 06
0. 04

zz.z
l. 05

38. 0

0.43
nd
nd

99. 58

0. 993
0. 002
0. 001
0.489
o. oz3
1.486
0.012

0. 993
2.013
3. 006

75,2
24.8

39.5
0. ll
0. 03

16.3
0.25

44.3
0. 31
0. 09

100.79

16.7 15.4

43.9 45.3
0.30 0.32

39.6 39.7
0.05 0.04
0.04 0.03

L6.Z L3,2
o.z3 0.20

44,4 46.3
0.30 0.36
0. ll 0. l7
- 0.03

40. I 39.9
0.06 0.06
0. 03

13.6 L3.7
0.20 0. I?

46.4 46.2
o.34 0.36
0.21 0. zl
0.03 0.03

si
A1
Ti
Fe
Mn
Mg
Ca
Ni
Cr

z
x
Sum

Fo
I.a

0. 99r
0. 003

0,342
0. 005
1.655
0. 008
0. 002

0. 99r
z. oL5
3. 006

82.9
17. I

100.93 100.03 100.97 100.63 I00.38

Number of Iona on the Baaie of 4(0)
0.992 0.990 0.992 0.991 O,99?.
0.002 0.001 0. 002 0. 002 0. 001
0. 001
0.339 0.276 0.281 0.284 0.288
0.005 0. t04 0. 004 0. 004 0. 004
1.658 1.723 l.?L2 l.7lz 1.705
0.008 0. 010 0. 009 0.010 0. 0Il
o' ooz 

3:33i 3:33i 3:33i 
o' oo4

o.992
2.015
3.00?

82.4 84.0 83.0
17.6 16.0 17.0

0.990 0.992
2.018 2,013
3.008 3.005

86.e 85. 9
13.8 14.1

0.991 0.992
2.019 2.013
3.008 3.005

85.8 8s.6 85.4
14.2 14.4 14,6

-3-



TABLE I Continued

Samp1e
Grain

siO2
A1203
Ti02
Fe0
MnO
Mgo
CaO
Nio
Ct203
Sr.rrn

I -187. 64 cont.
4C-e 4R-g

z-39.28
2-x 4-x lC-x IR -x 3-x

z-6?.41
l-x

40. I
0. 05
0. 05

t4.3 t6.4 15.0
0,zz

45.4 43.6 45.1
o.4? 0.54 0. 38
0. 20

38.8 38.6

- 0.03
16,4 17. l5
o.24 0.27

43.2 43.0
0.29 0.30
n.d. n.d.
n.d. n.d.

38. 5

0. 05
zz.5 17,9
0.56 0.24

38.4 4Z.t
0.27

D. d,
n. d.

35. I
0. 03

34.1
1.45

28.7
o:"

99.06 99.64

39. I

l7.Z
0.24

42,8
0. 30
n.d
n. d.

100.79

0. 998
0.001
0. 001
o,298
0. 005
L.682
0.013
0.004

z 0.998
x z.oo4
Sum 3.OOz

Fo
Fa

Sample
Grain

SiO2
A12O3
TiO2
FeO
MnO
Mgo
CaO
Nio
CrZ03

Surn

9e.93 99.35 99.64

Number of loae on the Basis of 4 (0)

Si
A1
Ti
Fe
Mn
Mg
Ca
Ni
Cr

0.993 0.989

- 0.001
0. 351 0,367
0.005 0.006
1.650 r.540
0.008 0.008

o.-997

0.367
0.005
t.625
o,oot

0. 990

0.001
0. 386
0. 005
1.618
o,oot

0. 990
2. Ol7
3. 007

80. 8
t9.2

0. 982
0. 001

o.797
0.034
r't9s
o,oo'

0. 98t
2.035
3.0r7

60. 0
40. 0

85, 0
15. 0

82.6
r7.4

3

84.3
15.7

75.3
24. 7

4

80. 9
19.1

o.993 0.989 0,997
2.0r4 2.022 2.005
3.007 3.011 3.002

82.5 81. 7 81. 6
17.5 18. 3 lE. 3

2-103.15
I 5-i

2-99.34
I

40.0 40.0
0.09 0,07

11.9 t3.Z
0. 16 0. t7

47.9 47.O
o.z5 0. l8
o.zL 0.28
0.05 0.06

39.5 39. 3
0.08 0.09
0.03 0.05

14.9 16.5
0. z0 0.23

45. I 44,2
0.39 0.35
0. 15 0.10
0. 03

39.0 38. Z
0.06 0.07
0. 03

r7.5 t?.6
o,24 0.39

42.3 41.9
0.31 0,32
0.09 0. 16

38.3 38.5
0.05 0.07
0. 03

20.3 20.6
0. 28 0.32

39. 8 39.5
0.24 0,zz
0.06 0.04

39.9
0.08
0. 03

LZ.6
o. z0

46.35
0. 29
o. 24

Si
AI
Ti
Fe
Mn
Mg
Ca
Ni
Cr

z
x
Sum

Fo
Fa

100. 56 100.96 100.38 100.82 99,53 98. 64 99. 06 99.25

0.989 0.998 1.001
0.002 0.001 0.002
- 0.001

0. 381 0.442 0.448
0.008 0.006 0.007
1.6t7 r. s44 1.533
0.009 0.007 0.006
0.003 0.001 0.001

0.986 0.988 0.989
0. 003 0.002 0.002

o.246 0.273 0.313
0.003 0.004 0.004
1.761 1.731 1.684
0.00? 0.005 0.010
0.004 0. 006 0. 003
0.001 0.001 0.001

0.986 0.988 0.989
2.025 z.ozz z.oL?
3.011 3. Ol0 3.006

8?.3 86.4 84.3
LZ.3 13.6 I 5. ?

Number of lone on the Basis of 4 (0)

0. 995 0.997
0.002 0.002
0. 001 0.001
0.264 0.374
0.004 0.005
L.724 1.611
0,008 0.009
0.005 0.002

0. 99s 0.997
2.008 2.O04
3. O03 3.001

86.7 81. 2
13.3 18.8

0.988
0. 003
0. 001
o.346
0. 005
r. 656
0.009
0. 002

0. 988
2. OZZ
3.010

82.7
17.3

0.989 0.998
2,020 2,oo?
3.009 3.000

l. 001
1,997
2.998

77.7 77.4
zz.3 22.6



46.0 4s. I 46.0 48.9
6.79 7.17 7.ZO 3.59
z.l5 1.89 2.37 1,54

15.5 16.0 13.5 8.65
0. 59 0. 58 0.48 0.44
6.22 5.99 7.58 l2.Z

21. 0 20. I 21,2 22.5
l. l7 l.2z l. 13 0,74

99,42 98.75 99.46 98.5

3.01 3.14 z.9l r.9l

TABLE 2

Electron Microprobe A.aalyaec of Pyroxeree iIr DVDP I and 2 Core Samples

Sample
Grain

Dlv^

2!z"t

Mn0
Mgo
Ca0
Naro

9'io,Srun

Fer0"
FeU -
Total

|,57.94
I

8,29

tz.3
25.2

t-85.35
1c 2R

l -88. 55
5-g lR-g 4-s

48.7 48.6 48.4
3.24 4.27 3.44
r.76 1.64 1.69
8.66 8.85 r0.3
0.40 0.42 0.42

t2.5 12. I lZ. I
22.7 22.3 22.7
0.69 0.81 o.70

98.65 98. 99 99.75

t. 78 z. 09 1. 80
7-06 6

48.3
4.14
r. 55
9. 12
0.41

tz,4
22.8

0. 79
d

99.61

z. 04
7.28 8. 58

99. 8I 99.73 99. 99.77 98.75 98.83 99.20 99.93

Number of Iong on the Basta of 6(0)

si
AI
Ti
AI
Ti 

"*! €. ,

IC
Mn
Mg
Ca
Na
Cr

z
XY

Ca 51.7
Mg 35.0

+pq_rMn 13.3
I

Na
Mgr,
Fe-'*Mn

7L ?J*Fe- = Fe-'* Fe-'
I

l. 825
0. l?5

0. 009
0.047
0. 058
0,230
0.013
0. 698
0.923
0. 058

e. 000
2.036

48. 0
36.3
t5.7

5.8
69.9
24.3

49.7
24,1
25,6

9.5
49. r
4L.4

48.3
36.5
l5.z

5.6
70. 5
23.9

l. 853
0. 145
0. 002

0. 048
0. 051
0.225
0.013
0. 709
o.926
0. 051

2. 000
2.024

48. I
36,9
15. 0

6.1
?l.l
23.s

l. 840
0.160

0.031
0.047
0. 060
o.z2l
0.014
0. 683
0. 905
0. 060

2. 000
2.018

48. I
36.3
t5.5

6.t
69.9
24, O

l. 837
0. r54
0. 009

0. 039
0. 051
0.276
0. 0r4
0. 684
o.923
o. o5z

2. 000
u. 038

47 .4
35. I
17. s

5.0
66. 8
z8,z

1.784 1.766
0.216 0.234

0.094 0.09?
0.063 0.0s6
0.088 0.093
0.415 0.43?
0.019 0.019
0.360 0.350
o.872 0.8?3
0.088 0.093

2,000 2.000
r.999 2.013

49.? 49,4
20,5 19.8
29.8 30.8

10.0 10.4
40.8 39. I
49.2 50.5

r.76? 1.859
0.?33 0. l4l

0.092 0.019
0.068 0.044
0.084 0.0s5
0.350 0.220
0.016 0.014
0,434 0.692
0.872 0.917
0.084 0.055

2.000 2.000
2.002 2.016

-5-



TABLE 2 csatlauoid

Sa,otrile l-lZl.88
Graiq 6C AL

$0" 45,2
al:b- 10.2
Ti6rr 4,zB
Fef 6,00 6.64 5,64
MaO 0, 05
MgO l?,? I a. r tz.5
CaO 22,A 22.7 22.6
trilar0 o. 5?
Cr!o3 0.to
SUrt l0r. r0

Fe"O" 1,47
Fe0 - 4.68
T,otal ioiE

4E.V
7.45
4.05

6, ft 6.69 6,v5 5,6.2
0. 08

ll,t la,4 \2,6 le.8
dt"? 22.6 al,g a?,1

a"M
---
E9,41

r, I3
5.61

-
99-62

48,7
8.78
a. ?!

?. t5 6,94
0' 09

10,fl 1?-?
2e,9 al.0

0.94
0.24

98.60

2..42
4"7,6

98.84

NrrcEer of Isnc on the Baalp oI 6{0)

si 1.659
A.l 0,3*1
At 0. t00
Ti, , 0. 118r"il o. o4l
Fe-' 0.144
I\{Ir 0,0OZl
Mg 0.664
Qa 0.,8?3
!{a 0. 041
Gr 0.014

z 2.000
xY L.ggt

Ca 80.6 50.8
!vlg,.r 38.,7 3?.6
Fe4'Mrr 10. ? I l. 6

Na 4.8
Mgr, 78.2
Fe-'+Mn 1?. 0

50, I
s9.t
9,9

5?,4.
35,8
lr.8:

1.715
o.285
0.0?5
o, r14
0.032
0; l?8
0" 00e
o.69+
0.909
0"ya

2.000
a.006

50. I 4g.g
38.2 ig.g
11.7 t0.a

3.5
?5.5
r9.9

t. ?t?
0.483
ioi 106
o" 0?7
0. 068
0. 160
10.003

0. 683
0.8'46
0.0,68
o. 00?

z. 000
2. 008

4g,t
39. I
r,e,.6

1,6
7t.6
16..8

49,,9
40.3

9,,8

49'9
44.:?
9.8

-6-



Sample
Grain

si02
Aleot

Fe0
Mn0
Mgo
Ca0
Na20
Cr2O3
Sum

X:60'
Total

Si
AI
AI
Ti
Fu3*
Fe2*
Mn
Mg
Ca
Na
Cr

z
XY

Ca
Mg
Fe1*Mn

Na
M6
Fea*+Mn

1.710 1.674
0.290 0.326
0. 105 0.053
0.059 0. ll9
0. 125 0.033
0.454 0.162
0.018 0.003
0.287 0. ?01
0.859 0.889
0. 125 0.033

- 0.006

2. 000
2, O09

49.7
39.2
ll. t

3.6
?8. 0
18.4

1.805 1.800
0.195 0.200
o,022 0.042
0.068 0.068
0. 060 0. 062
0.184 0.184
0.0I2 0.011
o.757 0.'t46
0.857 0,836
0.050 0. 062

l-l2l.88 cont.
4C 4l

46.0 44.3
7.30 9.41
z,z8 3,90

10.7 6.37
0.34 0.05
9,ZO 12, 0

2l.6 22.5
r.44 0.55
0.05 0.34

42.O
10.4

5. 02
7,42
0.07

10. 8
zz.5

0. 52
0. 03

l. 755 1.661 l. 600
o.245 0. 339 0.400
0.083 0.o79 0.067
0.06s 0. ll0 0.144
0.106 0.040 0.038
0.235 0.160 0. r98
0.0I1 0.002 0.002
0.523 0.671 0. 614
0.883 0.904 0.919
0. 106 0.040 0.038
0.002 0.010 0,001

TABLE 2 contlnrrcd

43,5 45.6
8.53 8.98
r.99 4.32

t7,6 6,35
0. 54 0. ll
4.go rz.8
zo.4 22.6
1.54[ 0,46
- 0.20

t-t31.36
lz

47,6 47.s
4.85 5,43
2.38 2.38
?.68 7.79
0.38 0.33

13.4 t3.2
21. I ?0.6
0.81 0.85
n.d. n.d.

49.9 47,6
3.O7 4.66
1.31 2.06
8. 14 8.80
0.45 0.39

13.6 12.3
zz.4 2r.8
0.56 0.79
n.d. n.d.

3R3C4R

99.4

3.71 1.42 1.34 4.23 1. 19 z.o9 z.l9 1.44 2.O4

99.28 99.63 98.89 99.53 l0l. 54 98.41 98. 30 99.57 98. 60

r.8?4 1.814
0.t?,6 0.186
0.010 0.023
0.037 0.059
0.041 0.058
0.21s o.222
0.014 0.013
0.762 0,699
0. 902 0.890
0.041 0.058

Number of Iong on the Basis of 6(0)

2.000 2.000
z. ol5 2.015

50.2 s0.9
29.8 3?.8
20.0 ll.3

La.Z 4.6
57.8 76.9
28.0 18.5

2.000 2. 000
z.ozz 2,o33

51.9 49.3
34.6 16.5
13.5 34,2

4.5 14.1
72.0 32,5
23.5 53.4

2. 000
2.019

45.8
40.5
t3,7

5.9
74.8
19. 3

2.000 2. 000 2.000
2. 0l I 2. OZL Z.0Z?

45.5 46.6 47.s
40.5 39.4 37.1
14.0 14.0 ls.6

6,2 4.0 5.9
74,3 73.8 70.5
19.5 22.2 23.6



Sample
Grain

Si0a
Algo!
Tr%
Fe0
MoO
Mgo
cao
Na20
Crg03
Sum

I"e203
Fe0
Total

st
AI
A1

It a*

i'lt*
MD
Mg
Ga
Na
Gl

z
I(Y

Ca
Mg
Fe1,$Mn

a-t9,.zg
5+!r 4C-x

51. z 51. 0
3.95 4.t7
0,.&2 t,0{
6.a0 6.58
0. t6 0. i6

l{. l 'ltt. I
2l;2 21,45
l.0l l.et

I . 8E-8, l. 8?4
0. I12, 0. ia6
0,0,59 0. 063
0,0a3 0,0e9,
0.074 0, 086
0. ll9 0. r16
o.0-05 0.. 00.51

0.7?5 0.?7,2
0.871 4.84+
o.:7.2 0.086

2,000 ?.000
2.003, &.001

47,5 46,3
4l. g 42.3
10.6 lr.4

?,4 8.8
?9.8 ?8. 9
12.8 LZ,3

*R-?r sC

51, 0
t.75
0.92
6.66
0. 1rt

14.0
z2.4

0.89

49. 55
{.:}!
2.24
?. l8
o.u

13" 4
22,4

0. 56

f .8s9 l. Sila
or ll5 0.158
0.04"8 0. 03r
0.0?6 0.063
o.064 0.040
0.14a 0. r83
0.004 0.008
o.712 0..?43
a.887' 0. ggz
0.0611 0,:4o

2.0q0 a.000
e.00? 2.000

47.5 47, I
4L,.3 39.8
rr,2 t2,4

6.5 4. I
78.6 76.3
r4.9 19.6

I -t8?,;64
arctR

As,z 42.9 12.t
8.56 t0.z 9.93
4.EZ 5.1? 5.48
6. 85 6.9,6 ?. 5& 6," A4
o. l0 0.09 0.10

ll.{ ll.4 10.6 t4.2
22.6 22.6 zz.2 22.6
O..lB 0.45 0,59
o.3r o.z*. 0.0i

98, 02 lo0. ol 98. 82

l.?4 r. 16 1.,52

TAELE 2 codttnlid

?.3?,

rl. 5
zz.4

47.9
&'1
10. 0

50.8
t6.2
13.0

d.
6Z j9.

2.6A 3. le 2.29 1.44

9S t00.99.88 100.

Nrsrbe,s oi loaa on tto B.acip ol 6(0)

NE
Mg
r#++r"rn

r.,655 1.610 1.,610
0,345 0r.390 0.390
o. 041 0.06t 0.056
o.130 0.146 0. I57
0. 086 0; 0-33 0. O44
0.184 0.186 0. t98
0. 003 0. i003 0, 003
0,65t 0.,638: A.602
o.w8 0.9o9 0.906
0. 036 0. 033 O, O4t*
0.009 0. oo? 0,001

z. 0"00 2,,000 ?. 000
z.An 2.0t5 Z.OO9

51. 5 5t.4 51. ?
36,1 36" r 34.5
12.4 1a.5 14.0

+.1
14.5
21.4

3,8 5. 1

74.2 ?r. I
22.g 23.I

-8-



$ample
Gralq

Sio2
n'z-g

Fe,0
Ma0
Mgo
Ca0
Na2o
Gzoa
Srst

Tl\ts,IJE ? sEoHsrrad

i-gg,,iz
ll.a lO.a 4

,2-39.28 eeat.
3tr 3R

48,3 43,8
4"45 8.0t
2.96 4.32
7.17 8. eg
0,26 4.22,

l3,z l0. g
2?..8 22,9

0. 611 0.80

l.,ga'l r.6?3
0.179 0.327
0. 0r9 0.034
0.058 0.124
0. 04? 0.059
0.179 0.a05
0. a08 0.00?
0.7*2 o.62l
0.92[ o. 9[3
0..047 0.059

e.000 2.000
2,021 2.O?Z

48.5 50.6
39. I 34,4
r7,4 15.0

eE 6-6
76.0 59.6
l9,z 2$.8

46.6 r[9.9
6.73 3.C3
3.26 1.86
7. t! ?.51
0r 30 0" 39

lz.7 13,3
2'1.9 ?1.6
0:99 o. zo

49.1 46.2 44,8
4.r7 6.90 7,5:7
1.94 2.99 3.96
9.03 9,.0',t 9. ?0
0.3? o.3l o,z7

12. 0 tt.0 10.3
22.4 ZZ.3 ZZJ3
0.66 0.89 0.86

49.3
3. ?6
!,69
8,09
0.37

1.3.0
t'e.h
o.70

Fog03
-X*e0
Total

97

1,.65 2.06 z.E5 [.80 1.80 l"?0 2,29 2.22
5

Nurnber of lonr edr thir Daaie of 6,(0t

6.43

si
AI
J"l

3l'*
Fez*
Mn
Mg
@
Na

Ca
Mg
FeT*,Mn

1.747 1.868
0."253 0" lg2
0. @4 0.03?
0.09a 0,054
0.0?a 0.051
0. 15? o.184
0. ol0 0,014
0.71o 0.742
0.856 0.865
0.072 0,051

47,* i16.7
s9.3 40i o
13.2 13.3

x.6 5. I
7+.8 ?5.0
l?.5' 19.9

r.,851 1,84? t,744
0.149 0.153 0,256
0.017 0.03e 0. o5l
0.048 0. 055 0.0E5
0.05.1 0. 049 0. 065
0.a03 0.236 0.2a1
0. ol9 0,ora 0. 010
o. ?28 0,6?3 0.619
0.909 0. 903 0, 90.2
0.0F1 0.048 0,065

5, I 5.0
73.3 $9.4
zl.6 25.6

47.8 48. e 49,:6 5O,2
38.2 26.0 34. I t2.3
r4,0 15,8 16.3 t7.1

?.0o0 e, 0o0 2.0o0 2.000 a, o0o
a.013 t, gEg z. ol8 a. 006 z, ol8

r. 699
0.301
0. 03?
o. Il3
0.069
o.244
0,009
0.582
0i 90,6
0, 063

2.000
z,ot9

z
XY

Ne.
tvtq,
FcFT*Mu

?. I ?.0
6,1',6 64,,8
2,E.9 Zg.Z

-9-



z-62.4r
2C 2R

TABLT 2 continued

l3R 23-xl3c r6c 16R ZO-x 4C -x

45.5 45,0 44.3
8.50 8.90 9.47
3. lt 3,ZO 3.66
7.26 7.80 7.26
0. 14 0. 19 0. ll

l?.4 rl.5 ll.8
21.8 21.7 2Z.O
0.83 0.70 0.?6

44.2 50.4
9.48 4.66
3.57 0. 88
7,67 7.40
0.09 0.24

ll.5 13.5
zz.05 zt.9
0.85 0.88

44,4 43.4
9.50 9.95
3.50 3.49
7,6t 8.65
0. 14 0. 16

tl,4 10.65
z2.t 21.85
0.87 O.gt

50.2 50.8
4.99 4,64
1.07 0.95
7. 5t 1, 62
0.30 0.31

13.2 t3.3
2L.6 21.8
1.08 1.04

z. t4
5.33

l. 80
5. l8

l. 96
5. 50

z. t9
5.70

2.27
5.36

z,24
s.59

2.50
6.40

2.78
5. tl

2,68
5.Zl

Sample
Grain

Si02
A1203
Ti0z
Fe0
Mn0
Mgo
Ca0
Na20
Cr203
Sum

Fe203
Fe0
Total

si
AI
AI
Ti.,
!e
Fe2*
Mn
Mg
Ca
Na
Cr

z
XY

Ca
Mg
Fe1+Mn

Na
Me
FeZ++Mn

46.8 46.9
39.8 39.8
13.4 13.3

8.0 7.6
74.8 74.9
17, z t7. 5

99.75 99.27 99. 99.63 100.09 99.74 99.37 100.37 00. ?

Number of lons on the Basie of 6(0)

1.703 t.697 1.655
0.297 0.303 0. 335
0. 078 0.093 0. 085
0. 088 0. o9t 0. 103
0. 060 0.05I 0. 055
0. 167 0.195 0.173
0. 004 0.006 0.004
o.692 0.652 0.651
0.874 0. 877 0. 886
0. 050 0.051 0. 055

2.000 z.ooo
z.0zz z. ots

48.6 49,2
38. 5 36.6
12.9 t4.2

6.5 5,?
74.9 72.l
18.6 2Z.Z

2.000
2. OZZ

49.8
37. Z

13. 0

6.2
74. O

19.8

50.2
34. O

15. I

8.1
68. 3

23,6

I . 563 l. 866 l. 568
0.337 0.134 0.332
0. 083 0. 069 0.089
0. l0t o.oz4 0.099
0.052 0.063 0.063
0.179 0.165 0, l?5
0.003 0.008 0.004
0.645 0,745 0.638
0.889 0.869 0.890
0.06? 0.063 0.063

2. 000 2.000 2.000
2.025 2.008 2.023

50.0 46.9 50,2
36.3 40. 3 35. I
13.7 12.8 t3.?

7. O 6.4 7.2
72.5 75,9 ?2.4
20.5 L7.7 20.4

l. 646 l. 854 l. 869
o,354 0.t46 0. l3l
0. o9t 0. 071 0. 0?0
0.100 0.030 0.026
0. 071 0.077 0.074
0.203 0.158 0.160
0.005 0. 009 0.010
0.602 0.727 0.729
0.888 0.85s 0.859
0. 071 0, 077 0.074

- 0.001 0. 001

2.000 2. 000 2.000
2.032 z.o0? 2.002

- 10 -



Sample 2-62.41
Grain 2l -x

corxt.
r5c

TABLE Z contiaued

l5R l4c l4R 22-x I0c l0R

Si02
elzot
Ti02
Fe0
tvtn0
Mgo
Ca0
Na20

9'rot5tlln

Fe203
Fe0
Total

50.4 43.8 44.5 4L.7
4.49 10.0 9.58 r1.5
0.92 3.54 3.41 3.85
7.69 8. 14 1.78 8.89
o.z9 0. 14 0. lz 0. 16

l3.z 10.7s ll.6 9.57
zz,l 22.05 22.L5 zI.7
0.97 0. 90 0.88 0.95
0.03

41,7 50.1
lz. s 3. 47
4.12 0,71
8.63 r1.7
0.15 0.56
9.53 10.4

21.8 21.4
0.90 1.20
- 0.03

45.6 46.4
7.01 5.06
1,91 2.64

15. r ?.99
o.6a 0.26
6.75 13.0

20,9 zz.8
l,43 0.57

100.09 99,32 100.02

2.50 z,3z z.z7
5.44 6.05 5.74

98.42 99.33 99,57 99.38 98,72

2.45 Z.3Z
6.69 6.54

3. 09 3.68 r.47
8.92 11.8 6.67

98,67 99.56 99.88 99.?6 98.87

Nunnber of lona on the Baeis of 6(0)

si
AI
Ti
AI
Ti
Fe3*
tr'e2*
Mn
Mg
Ca
Na
Cr

z
XY

Ca
Mg
Fe1*Mn

Na
MEr*
Fe-'*Mn

1.866 r,654
0.134 0.346

0,06e 0. 099
0.026 0. l0o
0.070 0.066
0.168 0. lgl
0.009 0.004
0.728 0.605
0.87? 0.892
0.0?0 0.066
0. 001

47.3
39.3
13. 4

7.1
74,7
18.2

50.7
34.4
14.9

7.6
69.8
zz.6

t.664 L.597
0. 336 0.403

0.056 0.121
0.095 0.lll
0.054 0.071
0.180 0.214
0,004 0.005
o.64? 0.546
0.888 0.891
0.064 0.0?l

1.89? L.166 L.767
0.103 0.234 0.227

0. 006

0.052 0.089
0. 020 0.055 0. 070
0.088 0. l0? o.04?
0.282 0.382 0.212
0.018 0.020 0.008
0.587 0.390 0. ?38
0.868 0.86? 0. 930
0,088 0.107 0.o42
0. 001

1.580
0.420

0. 138
0.lt?
0,066
0.201
0. 005
0. 538
0.885
0. 066

2.000 2,000 2.000 2.000
2.010 ?,023 z.oz8 2.030

z. 000 2.000 2.000 2. 000
2.023 z. 005 z. 018 z.044

49.8
36.3
r3.9

?.1
72.4
zo.5

51. 6
31. 6
16.8

8,4
6s.3
26.3

52. O

31.6
r6.4

8. 1

65.9
z 6.a

47, I
31.8
21. I

9.0
60.2
30,8

49.1 48.2
22. | 38.2
28.8 13.6

ll.9 4.2
43.3 73,7
44.8 ZZ. L

- 1l -



Sample
Grain

si02

tl^aos'Ltv2
Fe0
Mn0
Mgo
Ca0
Na20
C1203
Sum

Fe20,
Fe0
Total

5t
A1
A1
Ti
Fu 3*

Fe2*
Mn
Mg
Ca
Na
Cr

z
XY

Ca
Mg
Fe1*Mn

Na
Ms
F.?*+Mn

L.649 L.644
0.351 0.356
0.098 0.090
o. 106 0. 104
0. 06s 0.066
0.186 0. 186
0.004 0.004
0.607 0.615
0.889 0.897
0.06s 0.066

00.45

L.6sZ l. 586
0.348 0.314
0. 096 0.094
0. ll5 0.092
0.040 0.07s
0. 161 0.185
0. 002 0.004
0.573 0.596
0.883 0.893
0.041 0,075
0. 00t

2.000 2.000
2.011 z.oI7

50,2 50.9
38.2 34,0
11. 5 15. I

4.6 8. I
76.8 69.2
18. 6 22. O

z-70.41
3

43.7 43.4
10.1 9.99
3.73 3.67
7.96 7.97
0. t4 0. 13

10.8 r0. g
zz. o zz.l
0.89 0.90

99.32 99.06

z.?9 z.32
5. 90 5.88

TABLE 2 continued

44.8 44.7 4?.2
5.98 9.t6 5.75
3. 67 3. 00 t. 90
8.ll 9.20 14.5
o.zo o.z2 0.70

11.5 10.35 7.32
zz,5 2t.4 zo.5
0.-67 l.13 r.86

44.6
7 .76
3.85
8. 23
0. l8

ll.5
22.4

0.-13

99.25

1. 88
6.54

1. 808 l. 690
o.l9z 0.310
0. 068 0.037
0.055 0. lto
0.138 0,054
0.327 0.207
o.oz3 0.006
0.418 0. 650
0.841 0.9r0
0. 138 0.054

z-99.34
13C

41.3 45.1
10. I 9.27
4.lt 3,29
6.45 8.34
0.07 0. 14

12. I 10.7
zz.l 22.3
0.56 1.04

99.82 100. l8

IRlc

98.43 99,r6 99,?3

r.73 Z.9t 4.79
6.55 6. s8 tO.Z

1.44
5. l5

2.6A

99. 5 99. 29 98. 99.45 l00.ZZ 99.44 99.

Number of Ions on the Basis of 5(0)

1.7t2
0.288
o. 026
0. 106
0. 050
0. e09
0. 006
0. 655
0.922
0. 050

L. 692
0. 308
0.101
0.085
0.083
0.208
0.00?
0. 584
0.868
0. 083

2. 000 2.000 2,000
2. Ozt 2.0?9 2. OZ5

2. 000 2. 000 2.000
2.019 2.008 z.oz7

50. 7
34. 7
t4.6

7.5
70.4
22. I

50. 7
34.8
14.5

7.6
70. 6
21.8

50. 0
35.5
14.4

5.4
7l.z
23,4

49.6
33.4
l?.0

9.4
66.2
24.4

48. Z

23.9
27 .9

r5.2
46.2
38.6

49. I
35. 6
14,6

5.9
70.9
23.2

-tz-



?.99.34 cont.
3R 4C 4A.

TABLE 2 co'ntipued

2-10,3. 15
16 3G

Sarnplc
Gralt

Si02
Alzo3
Tloz
Fe0
Mn0
Mgo
Ca0
Naeo
Cr20t
Surn

Fe203
Fe0
Total

l. 55 3.01 0. gE

45,7
8. 93
3.38
6.88
0. t2

t?.5
zz.3

0.60
o.

49.4
38i 5

le. r

4"8
76. I
l9'. I

46.8
8. r8
2.72
9. A7
0. r6

lo.8
22.0
l. t?

49,1
34.0
16. 3

9.s
57,6
2".9

4{,1
8r?9
3.69
6,49
0.08

13. I
z?.0
0.38

t.673
o. tz7
0.03:9
o,104
0.028
0, r?6
0.002
0,731
0.9?,?
0,028
0.00?

z. 000
2. O3L

49.6
39.3
ll. t

2.9.
78. I
lg, o

46.3
8.26
3,23
5.43
0.08

t2.4
22.7
0.6r

1.72L
o,z7g
0.08t
o- o9o
o.044
0. le5
0.002
0. 68?
O.90tl
0.044
0.019

2.000
1. 998

5r. 3

39.0
9.7

5.1
80,0
.14.9

46. I
7.30
4,05
6.34
0.ll

tz.8
z;e,8

0.53

99.73
CI 0.66

l. 57
4.OZ

48.4
6.72
r. 98
5. ?r 6. t7
o. 13

13.9 13.8
21,75 2t,8

0. ?5

7 99.98

r. 93
3

01.20 l0-0. 99.83 I

Nqrnpe.-r of Iof,c on the Bagie of 6(0)

Mg
Ca
Irla
Cr

z
XT

si
A,l
AI
Ti
p..3*
--=z+

Ma

Ca
Mg
Fe1*Mn

Na

HF***,

1.694 1.735
o,306 0.265
o.084 0. og3
o.094 0,0?6
o.043 0.084
o. r70 0. l9?
0.00,4 0.005
0.691 0. sg?
0.8,86 O.8?4
0.043 0.084
0. 001

2. 0010 e. 000
2.016 z.010

1, 784
0.216
o. 016
0.r 055
0.0s
o.tzz
0,004
a.7M
0.839
0.054
0.019

4.000
2.006

47,6 47.5
42.4 4?,0
10,0 r0.5

5.7
80.9
13. 4

1,142 l.7Zl
0.258 0.27,9
0.093 0.04a
0.066 0. ll4
0.068 0.038
0.143 0. t60
0" 004 0,00{
0.698 0.696
0.852 0.91e
0.068 0.038
0" 017

2" 000 z. o00
2.008 2,AA4

48.3 50,4
39.5 38.5
lz,2 ll,l

1.5 4.3
76,4 77.5
16.1 t8.2

46.9
8.02
2.35
6.8r
0. lz

tz.6
2t.4
0.95
0.59

2.45 t,37

-13-



TABLE 2 continued

Sample 2-103. l5 cont.
Grain 4010 ) 4(1001 4(100) 5c 5R

sio, 45.3 42.3 40. I 44,t 44.t 47.O 46.2 46,7
Alroq 7.63 10.15 tt.?5 10.5 10.4 5,66 6.14 7.ZZ
Ti6z- 3.76 4.84 6.60 4.Zt 3.88 l.O8 3,22 2.60
FeO 6.82 ?.09 1.t9 6.40 6.23 15.6 6,62 6.39
MnO 0. 13 0. 09 0. l0 0. 08 0. 08 0. 70 O.l2 0. 09
MgO le. 5 11,0 10.3 ll.9 ll.8 6.% 12.3 13.0
CaO ZZ.7 ?2.9 ?2.8 2l,6 22.4 20.8 Z3.l 22.6
Na20 0. 53 0. s4 0, 55 0. 8l 0. 66 l. 94 0.65 0. t{
Cr,O. 0.05 - 0. ll - 0,26 0. 38

.J
Sum - 99.37 98.91 99.44 99.60 99.66 99,32 98.61 99.52

5R6I6A

Fe20t
Fe0
Total

si
AI
AI
Ti
F";1
-Ee

Mn
Mg
Ca
Na
Cr

z
XY

Ca
Mg
Fe1*Mn

Na
M%,
Fe-'*Mn

1.3? 1.39 L.4Z
5.59 5.84 5. Sr

z.09 1.70
4.52 4.70

5.00 1.67 1.39
ll. l0 5.t2 5.14

99. sl 99. 05 99.58 99.81 99.83 99.82 98. 78 99.66

Number of Ione on the Baeie of 6(0)

1,704 1.508
o.296 0.392
0.042 0.063
0.106 0. 138
0.039 0. 040
0. I ?5 0. 186
0. 004 0.003
0. ?01 0.624
0. 91 5 0. 933
0. 039 0.040

L.524
0.476
0. 050
0. l89
0. 041
0.188
0. 003
0. 584
0. 928
0. 040
0. 002

L. 644
0. 356
0.105
0. ll8
0. 059
0. t4l
0.002
0. 661
0.863
0, 0_58

t.646 1.819 l. ?50 t,745
0.354 0. l8l 0.250 0.255
0.104 0.0?? 0.024 0.063
0. 109 0. 031 o.o9z 0.073
0. 048 0.146 0. 048 0. 039
0. 14? 0.359 0.L62 0. l5l
0.002 0,023 0. 004 0.003
0.657 0.377 0. 695 0.724
0.896 0.862 0.938 0. 905
0.048 0.146 0. 048 0. 039
0.003 - 0.008 0.01r

2. 000 2.000 2.000
z. oz| z.026 2,024

z. 000 z. 000 2.000 2.000 2.000
2.0O7 Z.Or4 2.021 a.0l? 2.018

49. 9
38. 2

rl.9

4.2
76.2
r9.6

52.3
34.9
lz.8

4.7
73. Z

22. I

53. Z
33.5
13. 3

5.0
71.6
23.4

50. 0
38. 3

ll. ?

6.8
?6,6
16.6

5t. z
37 .5
ll.3

5.6
76.9
t?. 5

48.8
zl.3
29,9

16.1
41,7
42.Z

50.8 49,4
31.6 39. 5

ll.5 ll.l

5,3 4.2
76.5 ?8. 1

18. Z L7.7

-t4-



TABLT 3

Electron Microscope .A,nelyeee of Amphibolee in DVDP I and 2 Core Samples

Sample L-57.64

Grain 3C 3R 4I 2R2C1RlCsg4R

sioz 38. 5

Af2O3 13,6
TiO2 6. 19

FeO 10. 5

MnO 0.14
MgO 13.0
CaO U.9
Na2O 2.71
KZO 1.38
Cr203

38.8 38.9
13.3 L2.8

5. 90 5.3s
tL.4 lI.5
0. 19 0.22

t2.2 rz.5
11. 7 ll.8
2.79 2.86
t. 37 L._34

38. I 38.9
13.3 13.0
4.91 5. t5
15.4 11.9
0.34 0.22
9. 93 12.2
u.5 ll. ?

2.68 2,79
t,42 1.38
- 0.04

38. ?
13. I
5.40

ll. 9
0,22

t2.3
u.6
2.80
1.43

39.7
12. 8
6.02

10. I
0. 16

13. 0
u.6
2.72
t.26

39. 0
t3.2
5,22

LZ.Z
o,22

12.15
11. 6

2.94
r. 39

38. 8
13.6
6. t4

ll. a

0. t7
12.35
ll. 7

2.78
l. 38

97.92 97.45 98,06 97.92 98.32 97.65 97.27 97.58 97.28

Number of lons on the Basis of 23(0)

si
AI
Ar
Ti
Fe
Mn
Mg
Ca
Na
K
Cr

5.724
2.276
0. 104
0. 691

l, 303
0. 018

2.868
1. 888
0. 782
0. 261

5.812 5. 8?5 5. 834 5.745
2. 188 2.125 2.166 2.25s
0.134 0. 108 0. 152 0. il6
0.610 0. 670 0. 586 0. 706
1.49r L.332 1.526 1. 390
0.028 0. 020 0. 028 0. 021

2.745 2.874 2.708 2.726
1.864 1.826 l. 863 l. 853
0. 816 0. 780 0. 8 51 0.799
o.274 0.239 0.264 0.260

5. 789 5.842 5. 8ll
2.ztl- 2, 158 2. 189
0.135 0. lo8 0. 203
0.662 0. 604 0. 563
t.426 l. 44r l. 958
o.024 0. 029 0. 044
2.722 2, 801 2.256
l. 8?3 l. 895 1.872
0.809 0.833 0. 79r
0. 261 0.251 0. 2_76

8.000 8.000 8.000
4.969 4. 983 5. O24
2.943 2,985 2.939
15.9t2 t5, 968 15.963

34. t 34, 0 46. 5

5.847
2. L53
0.150
0. 582
r. 496
0. 028
2.734
l. 884
0. 813

0.265

8. 000
4.990
2.962

L5.952

35.3

z 8.000
Y 4.984
x 2.931
Sum f5.915

100 Fe 31.2
F;ffi;

8.000 8.000
5. 008 5.004
2.954 2.845

t5.962 15. 849

8. 000 8.000
5.000 4.959
2.9?8 2.912

15. 9?8 I 5. 871

35. Z 31.7 36. 0 33. 8

SemPle
Grain

SiO2
ALzot
Ti02
Feo
MnO
Mgo
CaO
NaZO
IQO

Sum

l-85.35
4C 4I

l-88.55
lc rr

40.3
10. t
3.45
9.16
0. 2l
9. 88

2t.9
0, 98

39.3 38. 0
10. 8 13. z
3.58 4.82
9.26 10. 2
0. l9 0. l2
9.85 13.0
2t.9 11. 9
o 9? 2.96
- l.l5

6, 021 5.790
1.950 2,210

- 0. 164
0, 413 0.552
l. r88 l. 301
0.025 0.015
2.25t 2.950
3.597 1,938
o.290 0. 875

- 0.226

35. 8 36.7
rz.9 r2.2
5.57 5. 09

ll. ? ll. 7

0. t8 0. 19
t2.2 t2. 3

ll.8 u.6
2.87 2. 90
l. 3l t.23

36. 6
rz.6

5. 27
ll. 9

0. 18

t2.4
ll. ?

3. 08
l. 23

5. 594 3.744 5. 683
2.381 2.249 2.297

0. 655 0. 600 0.6rs
L.524 l. 534 1. 539
o. o24 0. 026 0. 024
2.843 2.874 2.873
l. 975 l. 943 1.939
0. 869 0. 880 0.926
o.261 0.246 0.241

7.975 7.993 7.980
5.046 4.991 5.osr
3. 105 3. 069 3.109

r6.t26 16. 095 16.140

37.8
13.9
6, 23

10.4
0. 16

t?.7
ll. 9
2. 63
t.27

37.8 38 3

13. 4 12.9
5.75 5.26

ll. I 12. r
0 l? 0.23

ll. 9 lz. 0
ll.8 Il. 7

z. 67 2.78
l. 28 l. 36

5.666 5. ?32 5,810
2.334 2.268 2,190
0. u5 0.124 0. u6
0. 703 0.656 0. 601
l. 307 t.494 l. 532
0. 021 o. oz2 0.029
2.849 2.682 2.7r2
l. 909 1.923 1.905
0.764 0.784 0. 817
0.243 0.248 0.263

8.000 8. 000 8.000
4,995 4.91e 4.990
2.9L6 2.955 2.985

15.911 15. 933 L5 .975

si
Ar
AI
Ti
Fe
Mn
Mg
Ca
Na
K

95.98 95.85 95.36 94.33 93.91 94.96 96.99 96. 57 e6. 63

Number of Ions on the Baeie of 23(0)

6.. 153
l. 812

0. 395
r. l7l
o. o27
2.252
3. 589
0. 289

7.965 7.97L
3.846 3.87?
3.878 3.887

15. 689 15. 735

8.000
4.982
3, 039

16. 021

30.6 44.t 44.2
- l5 -

z
Y
x
Sum

100 Fc
F;ffit 34.2 34.5 43.6 31.4 35. 8 36.1



TABLT 3 Gontinued

Sample l-88.55 cont.
Graiu 3 8C 2,1zt6R6I6c8R

Si02
Al2O3
Tioz
FeO
MnO
Mgo
CaO
&zo
Kzo

Si
AI
AI
Ti
Fe
Mn
Mg
Ca
Na
K

37.8
13. 8

6. s0
10. 8
0. 17

lz.4
ll.5
2.64
t. 38

38.0 37,9
13.8 13.5
5.98 5.95

10.9 r1.0
0. 15 0. t5

LZ.4 LZ.6
lr.6 11.8
2.59 2.67
1.35 1.36

36.8 38. I
14.9 14.0
7.05 6,23

ll.4 11.4
0. 15 0.13

lt. s r1.6
rl.6 rr.9
2,43 Z.AL
1.41 1. 30

38.2 38.3 s8.4
14. 3 13. Z 13. 5
6.24 5.48 5.46

rl. 5 lz.8 LZ.Z
0. ll 0. t9 0. t7

r1.6 rl.4 lr.9
lI.8 lt.4 lr.6
2.43 2.70 Z.?9
l. 33 l, 30 l.z3

38. 6 37.9
13.0 13.5
5.23 5,66

t3.4 13.0
o.23 0,24

ll.l tt.4
ll.5 ll. Z

2,75 2.88
L.Z9 1.44

Sum 95.99 96.?7 96.93 97.?4 97,07 97.51 96.77 97.25 9?. l0 97.22

Nr:rmber of Ions on the Baeia of 23(0)

5.674 5.7L7 5.701 5.535
2.326 2.283 2.299 2.465
0. lzl 0.158 0.099 0.166
0.734 0.677 0.674 0,797
1.361 1.3?5 1.383 L.434
0.021 0.019 0.019 0.019
2.77L 2.780 2.827 2.573
1.845 I.86? 1.903 1.873
0.767 0.757 0,779 0,707
0.265 0.260 0.261 0.2?L

5,724 5.70I 5.808
2.276 2.299 z.t9z
o.206 0.225 0,168
0. ?03 0. 701 0.625
1.431 1.438 t.6ZL
0.01? 0.015 0.025
2,587 2.591 2.577
r.914 t.887 1.850
o.702 0.705 0.795
0.2.49 0.254 0.250

8. 000 8.000 8.000
4.944 4.970 s.016
2.86s 2.846 2.895

r5.809 I 5.816 ls.9ll

35.6 35.7 38. 6

5.783
z. zt7
o.176
0. 6I8
1.539
0. ozz
2.659
l. 853
0.815
0.236

5.855 5.733
2.L45 2.267
0. L74 0. t47
o.596 0.645
1.694 l. 645
0.030 0.030
2.499 2.5?4
l. 869 l. 814
0.808 0.845
o.z19 0.2?8

z 8.000 8.000 8.000 8.000
Y 5.008 5. 010 5.ooz 4.989
x 2.877 2.884 2.943 2.85I
Sum I 5. 885 I 5. 894 L5.945 I 5. 840

100 Fe
Fffig s2. 9 33. I 32.9 3s. 8

8.000 8.000 8.000
5. 014 4.993 5. 04t
2.9r4 2.926 2.92t

t5.928 r5.919 r5.978

36.7 40.4 39.0

Sample
Grain

SiOz
Al203
TiO2
FeO
MnO
Mgo
CaO
NaZO
Kzo
Sum

l -88. 55 cont.
loc loR

1 -r31. 36
lc lr

z-39. 28
zt

37.6
14. I

5. 88
13. 0
0.zz

1l.l
I1.4
z.72
I ,23

37. 5
r4. I

5. 8I
13. 7
o. 26

r0.6
11. 4
2.69
1.35

39.6 39. l
12.7 LZ.7
5.81 5.61
9.79 10.2
0. 13 0. 16

13.6 13. s
11.6 1r.4
2.90 2.78
L.29 1.38

9?, 4l 96.53 96.69 97. 9?. 04 97. 17 97. 27 97. 42 96. 83

si 5.685
Al 2.3L5
Al 0. r9Z
Ti 0.668
Fe l. 640
Mn 0.028
Mg 2,49?-
Ca 1.850
Na 0.?96
K 0.238

z 8.000
Y 5.025
x 2.884
Sum I5.909

100 Fe
Fffig 19. z

5. 684
2.316
0. 200
0.662
l. 731
0.033
2.400
1. 844
0. 790
0,262

8. 000
s.026
2.896

15.922

41,9

5.892
2.108
o. L6Z
0. 600
I. 593
0. 028
2.643
1.835
0. 829
0.195

5.819 5. 909
2. t8r Z,O9t
0.09I 0. 140
0. 603 0. 6l I
I.410 1,424
o.027 0.025
2.894 2.794
1.884 1.858
0.861 0.822
0.206 0.206

5.863 5.85r 5.808
2.137 2.149 2.192
0. lsl 0.130 0.172
0. 605 0. 600 0.626
1.602 l. 614 1.422
0.030 0 031 0.025
z.610 2.6s7 2.774
1.876 1.867 r.852
0.836 0.826 0.828
0. 195 0.195 0.200

8.000 8.000 8. 000
4.998 5.032 5.019
,,.907 l. 888 ?. 880

I 5. 90s 15.920 I 5. 899

5.874 5.853
2.126 2.t47
0.09? 0.098
0.648 0.531
1.2L3 L,273
0.016 0.021
3.007 3.003
I.84? 1.833
0.832 0.806
o.244 0.263

8.000 8.000
4.981 5.026
t.gz3 2.902

1s.904 15.928

28.7 29.8

8,000 8.000 8.000
5.O25 4,994 5.026
2.95I 2.886 2.859

rs.976 I 5. 880 I 5. 885

32.8 33. I 37.6

38.5 39.3 39. I 38.8 38.8 38.8
12.8 12.6 rz.8 12.9 rZ.8 t3.4

5. 31 5.40 5.29 5. 33 5.29 5.56
tt.z It.3 L2.6 L2.7 12.8 ll.4
o.zL 0.20 0.zz 0.24 0.24 0.zo

LZ.9 LZ.5 1r.8 1r.6 tl.8 rZ.4
ll.6 11.5 ll.4 Il.6 ll.6 ll.6
2.94 2.82 2.84 2.86 2,83 2.86
1.07 1.07 l.0r l.0l l.0l 1,05

Number of lone on the Baeia of 23(0)

- 16 -

38. 0 37.8 33.9



Sample 2-62.4L
Grain 6 I I0c IOR

TABLE 3 contlnued

? ll-e z3

SiOZ 38. 7
Al2O3 13.0
TiO2 6.39
FeO 9.24
MnO 0. 12
MgO 13. 65
cao lz.z
Na2O 2.46
KzO 1. 38

38. 6 38.2
14. 3 13. 6
6.65 6.64
9,33 10. 0
0.ll 0.12

L3,Z 1".9
12. I LZ.3
z,3L z.L7
I.5Z r. 66

38.8 37.8 39.0
r3.2 rt.z 12.4
6,37 6. 83 5. 86
9. 5r I0.4 r0. 6
0. 14 0. 13 0.19

13.3 13.0 lZ,gS
12.0 lr.9 rr.9
2,57 2.61 2.74
l. 38 l. 24 1.2,4
0. t3

38. l 38.6
13. 9 12,9
6.32 5.96

10.8 ll.l
0. 14 0. 19

LZ.Z t2.7
12. I t2.0
2.37 2.70
l,-46 t._27

40.2 40,2
L3.Z l3.Z
3.85 4.00

L2.9 13.6
0. 28 0.36

rl. ? ll.1
11.6 tl.5
3.22 3. 16
0.97 0.98
0.08 0.09Cr2O3 0. l7

Sum 97.3L 98.L2 97.59 97.40 97. 11 96.88. 97.39 97,42 98.00 98. 19

Nr:rnber of Ione on the Baeis of 23(0)

si
AI
AI
Ti
Fe
Mn
Mg
Ca
Na
K
Cr

5,734 5.662
2.266 2.338
0.011 o.142
0.7L2 0.734
l. r44 l. 146
0.015 0.013
3.014 2.893
I . 937 r. 896
o.707 0.658
o.z6t 0.284
0. 020

5.685 5.165 5.653
2,315 2.235 2.322
0.075 0.071
0.744 0,712 0. ?68
1.249 l. l8l 1.298
0.015 0.018 0.017
2.855 2.949 2.886
1.965 1.916 1.903
o.626 0.740 0.7s6
0.316 0. 26r 0.237
- 0.015

8.000 8.000 7.975
4.938 4.946 4.946
2.907 2.917 2.896

I 5. 845 I 5. 863 I 5. 840

30.4 28.6 3I. 0

5.845 5.679 5. 780 5.996 5.994
2.L55 2.231 Z.ZZO 2.OO4 2.006
0.045 0.116 0.048 0.312 0.316
0.651 0.708 0.67r a.432 0.449
1,334 1.3s0 1.394 r.612 1.704
0.o24 0.018 0.o24 0.036 0.046
2.896 2.7L5 2.838 ?..595 2.480
r.919 r.931 1,927 1.856 1.835
o.795 0. 684 O.784 0. 930 0. 91 5
0'-237 0'278 0'242 3:i3i 3:lil
8.000 8.000 8.000 8.000 8.000
4.960 4.907 4.975 4.996 5.006
2.951 2.899 2.9s3 2.910 2.937

I 5. 91 I t 5. 806 I 5. 928 r 5. 966 15.943

31.5 33.2 32.9 38.3 40.7

z 8.000 8.000
y 4.916 4.928
x 2.905 2.838
Sum I 5. 8Zl I 5. 756
100 Fe
Fffrg 27.5 28.4

Sample
Grain

SiO2
AI203
Tioz
FeO
MnO
Mp
CaO
Na20
Kzo
Sum

2-62.41
9C 9R

z-70.41
I lo-i

38.3 38.2
14.0 14.3
6.52 6.49

10.7 r0.8
0. 14 0. 13

r2.1 12. I
LZ.3 lZ.Z
2.35 Z.32
1. 54 I. 57

5.694
2.306
0. 146
o.7?,9
1. 331
0. 018
2.680
r. ger
0. 676
0.292

8. 000
4,904
2.929

I 5. 833

?3.2

2Rzc

38. 6 39.0
14. I 13.5
6.20 5. ?8

14. r lt. I
0,29 0.2l

10.3 lz,6
ll 7 ll.8
2.68 z.7z
I. 09 l. 28

38. 3
I l. 7

4.98
17. I
o.51
8. 53

tL. z
2.93
t.47

38.2 38.5
14. 3 13.8
6.36 6.24

11.8 rr.9
0. l? 0. 16

li.5 Il.4
I2.0 La.L
z.52 2,63
l. 38 1. 45

5.676 5.679 5.741
2.324 2,32L 2.259
o.l7z 0. l9l 0. 16l
o,124 0. ?ll 0. ?01
1.342 1.464 r.486
0. 0l? o,022 0. 02r
2.675 2.553 2.529
1.939 1.918 1.933
0.658 0.728 0.76r
0.29t 0.261 0.276

8.000 8.000 8.000
4,930 4.94r 4.898
2,904 2.907 2.970

I5.834 15.848 15.868

33.4 36.4 37.0
-17-

38.4 38.7
L3.Z 13. s

6. 05 6.41
I5.0 L2.g
0.38 0.26
9.38 10.8

Il.5 Il.5
2.71 2.81
l. r7 0.99

99. 06 97.99 97.48 97.95 98. ll j8.23 98. t8 97.79 97.8?

Number of Iona on the Bagie of 23(0)

Si
A1
AI
Ti
Fe
Mn
Mg
Ca
Na
K

5.724 5.796 5.968
2.276 2.204 2.032
0. r88 0.153 0.088
0. 59r 0.646 e.575
I.745 1.384 2.289
0.036 0.027 0.07s
2..272 2.783 1.953
r.856 1.8?4 1.83?
0.771 0.782 0.8?3
o.zo7 0.243 0.288

8.000 8.000 8. 000
4.932 4,993 4.980
2.834 2.899 2.998

15.766 t5.e9Z 15.9?8

5.8r9
2. r8l
0. r?6
0. 690
r. 897
0. 049
z. Lzo
r, 869
o.797
o.226

8.000
4.932
2.892

15,824

47.2

5. 789
z.ZLl
o.172
o.7zo
1.610
0. 033
2.417
l. 847
0.815
0.189

8.000
4.9s"
2. 851

1 5. 803

40. 0

z
Y
X
Sum

I00 Fe
Fe + Mg43.4 33.2 54.0



TABLE 4

Electron Microprobe Analyaea of Rhiinite from DVDP I and 2 Core Samples

Sarnple
Grain

si02
Al2 03
Ti0z
Fe0
Ma0
Mgo
Ca0
Na20
C120t
Ni0

Sum

23.4
17. t
12. I
21.5
0. Iz
13. I
12.0
0.90

0.04

6.385
5.499

2.483
4.906
0. 028
5.329
3. s08
0.476

0. 009

I l. 884
12.755
3,984

28.623

23.4 23.6
t7.z t7.45
tl.8 ll.7
zt.5 zt.9
0.20 0.20

lz. 3 Lz. z
lz.3 lz. I
0.89 0. 96
0. l7 0.08
0,07 0. 06

98.8? 99.45 100. 25 99. 73

r-121.88
z3

23.6 23.8
16.5 l?.0
ll.4 I r.6
zo.8 zt.3

0. 15 0. 19
13.4 tz.7
ll.8 tl.8
l. 00 0.96
0. 05
0.07 0. l0

2-99.34
I

6.489 6.460 5.480
5.421 5.388 5.487

2.450 2.45A 2,495
4. 808 4. 808 4,873
0.037 0.037 0.042
5.326 5.346 5.033
3.535 3. 608 3.617
0. 51 5 0. 488 0.46s
0. 013 0. 028 0.011
0.009 0.0t3

r1.910 11.848 ll.967
12.643 tz.682 t2.457
4.050 4.096 4.082

28.603 28.626 28.506

2-103. l5
z3

23.2 23.7
17,4 L7.4
lz.0 11.7
20.9 ZO.9

0. t8 0. l7
LZ.7 L2.45
t2.z tz.3
0.89 0. 9l
0.15 0.19
0.03 0,06

5. 360 5.481
5.622 5. 519
_ 0.089

2.474 2.406
4.792 4.780
0.042 0.039
5.190 5.075
3. 583 3.604
o.473 0. 483
0. 033 0.041
0.007 0.013

99.87 100.4t 99. 65 99.78 99.83 100.25

Number of Ions on the Baeis of 40(0)

Si
A1
AI
Ti
Fe
Mn
Mg
Ca
Na
Cr
Ni

z
Y
x
Sum

6.5r4 6.536
5.400 5,464
- 0.038

2.366 2.396
4.801 4.892
0.035 0.044
5. s14 5.199
3.490 3.472
0.535 0. sll
0.011
0.016 0.ozz

I l. 914 lz. 000
t2.743 12.59t
4, OZ5 3. 983

28.682 28.574

6.422 6.450
5.564 5. 550

- 0.07I
2.436 2.405
4.935 5.006
0.047 0. 046
5. 033 4.97r
3.617 3.543
o.474 0.509
0.037 0. 0l?
0.016 0. 013

11.982 12.000 ll.986 12.000
12.538 t2.443 t?,504 tZ.5Z9
4.056 4.087 4. 091 4. 052

28.576 28. 530 28. 581 28. 581

23.7 23.6 23.8
16.8 L6.7 17.1
rl.9 rr.9 tz,z
21.0 21.0 zL.4

0. 15 0. 15 0. l8
13. 05 13. I t2.4
12.05 L2.3 rZ.4
0.97 0.92 0.88
0.06 0 13 0. 05
0.04 0.05
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TABLE 5

Electron Microprobe Analyoeo of Spinela in DVDP I rnd 2 Core Samples

Sample
Grain

si0"
Titz
A1203

F:60,
Mn0
Mgo
Ca0
Ni0
Sum

I!60'
T otal

si
Ti
AI
Cr
--3+u^" 

z+re
Mn
Mg
Ca
Ni

Usp{ox

| -57.94
tc lR

0. tz 0. tz
0. 66 14.9

t5. I 3. t4
45.6 5.64
30.5 58.3
l. 0l r. 36
5.69 2.33

5,96 31.0
5.2 40.4

o.032 0. 035
0.133 3.311
4.780 I.094
9. 683 l. 318
1.205 6.893
5.660 9.984
0.230 0.340
2,278 t.026

43.6

0.ll
2.Zr 15.6

28. I tl.2
29.3 11. Z

30. 0 52.9
0.51 0.65
9.2t 6. I I
- 0.05

0. l0 0.04

6.83

o. oz7
0.409
8.158
5.706
1 .266
4.924
0.106
3. 382

0. 020

r -88. 55
2

l-121.88
3C 3R 5-i 1-i

.d.

0. 14
19. I
2.40
n. d.

71. 0
1.4?
z. 09
O, L?
n. d.

29.7
44.2

0. lI 0.08
5.01 8.03 22,2

28.3 ZZ.9 5.13
9. 14 8. 35 5.39

42.3 41.6 59.4
o.z9 0.32 0.74

Il.6 9.64 5.oZ

0.22 0.06
97 .75 97. 97. 14 97.94

17.3 20. 8 zz.6
7

- o. oz7
3.206 l' l04
3,607 8.149
2.420 1.766
3.558 3.824
8.548 4.802,
0.150 0.050
2.489 4.225
0.015
0.009 0.041

0. 020
1,537 4.723
6.871 1.710
1.681 l. 206
4.330 3. 641
5,791 10.410
0. 069 0.177
3.658 2. l17

0. 045 0- 014

66.2

98.

t?. I
44. O?,2

99.34 98.89 99.21 99.30 LOO.Z7 99.55 99.96 99.34 99.64

Number of Ions on the Baeia of 32(0)

0.041
4.245
0.836

6.60s
l 0. 924
0. 368
o.9zL
0. 054

52. Z

0.012
3.936
0.631

7.473
1 1. 007

0. 378
0.544
0.019

48. Z

50, z

4.0

3.;
42.7

Recalculated Spinel End Membere

usp
ch
Sp
Hc
Mf
Mt
Pc

usP
ch
Sp
Hc

z.l
28. 5

29. 9

-:(.5
32. O

4r. I
8.2
4.6
z,z

43. I

53.5

5.2

,.i
34.3

5.4
35.7
6.9

44.1

7.9

40,0
15, Z

t6, z
6.4

zz. I

t4. I
ll.0
42,3
8.6

23.9

-Ulvoapine I
-Chromite
-Spinel
-He rcynite

2Fe0. Ti0"
MgO. Crr0i
Ntgo. elioi
reo. elioi

19.4 59. 0
10.5 7.5
35.8 10. ?
7,2

- 8. 5

27 .l_ 14.-3

MgO. Fer03
Fe0. Fe20,
Fe0. CrrOt

* Calculated by method of Carmichael (lp6?)

Mf -Magne aioferrite
Mt-Magnetite
Pc -Picrochromite
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Sample
Grain

Si02
Ti02
Al2t3
Ct2O,
Fe0
Mn0
Mgo
Ca0
Ni0
Sum

Fe203
Fe0
Total

si
Ti
A1

9"*
-de
F"2t
Mn
Mg
Ca
Ni

utP%

usP
ch
Sp
Hc
Mf
Mt

l -l2l-88 cont.
4lc

0.05 0. 06 0. 05
23,3 18.4 18.5
4.49 4.96 6.27
4.97

59.7 69.5 67.9
0. 7l 0. 57 0.60
5. ll 3.96 3. 14

06
9e.39 97.45

15. 3 30. 0
42.5

27. o
5.0 43.6

99.99 100.45

0. 0t4 0.017 0.014
4.950 3. 941 4. 006
r.49s 1.655 Z.tag
1. 110
3.465 6,430 s.850

r0.631 r0.123 10.499
0. l?0 0. t38 0.146
z. LsZ r. 681 l. 348

0. 014

68.7 48.7 52,7

TABLE 5 continued

l-131.3
I 3QIR

l-18?.64
-i 5-i

0.07 0.09
3.34 3,24

z2,95 23.O
31.8 31. 15
28,3 28.7
o.z9 0.30

13.3 13.3

0. l0 0.09
3, y 3.25

25.8 23.45
27.8 3L.Z
28.8 Zg.Z
0.28 0.26

13.9 13.0

0. l7
3. 5l

23,5
31.2
29.3
0.34

13. I
0.03

o. ie o. ie
.23 99.96 4? I00. l0l.32

11. 4 ll.2
18. 9 19.z

99.09 r01.33 l0l. l6 r.62 0t.70 t0z.4z

Number of Ione on the Bagie of.3?(Ol

tl.1 ll.8
18.3 18. I

0.017 0.ozz
0.6u o,594
6,582 6.604
6. lt8 6.001
2.O33 2,1&
3,724 3. 688
0.050 0.06?
4.825 4.831

0.035 0.035

0.024 0.022 0.041
0.637 0. s93 0. 636
7,273 6.104 6.671
5.257 5.984 5.942
2,142 Z. 08t Z. O30
3.620 3, 834 3. 858
0.05? 0. 053 0.069
4.956 4.?Ol 4.704

0. 008
0. 038 0.029 0. 033

11. 9
18. I

0. 035
4,442
0.815

6.224
I1.042
0.355
1.052
0. 038

54.7

Recalculated Spinel End-Membere

62. L

6.9
9,3

10. 8
10. 9

49,4

10. 4

ro. z
29. 5

50.3

13. 3

s.s
32.9

56.0

5.1

e.o
30. 3

7.9
38.2
22.3
18. I

tz.8

7.1
37.5
23,4
I?.9

13. 5

8.3
32.9
29.4
r6.0

13.4

1.7 8.4
37.4 37.?
2L.7 ZZ.L
zo.z 19.6

13.0 t2.7
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TABLE 5 continued

Sample
Grain

si02
Ti02
A1203

FI6o,
Mn0
Mgo
Ca0
Ni0
Sum

Fe203
Fe0
Total

si
Ti
A1
Cr*3+
.Ee

-Z+re
Mn
Mg
Ca
Ni

Usp%

usP
ch
Sp
Hc
Mf
Mt

1-187.64 cont.
3Rl

0.09 0. 13
25.0 13.35
5.52 16.65
2.08 3,62

59,7 52.9
0.63 0.27
4.07 10.5
0.10
0.06 0.23

0,026 0.034
5.385 2.592
1.863 5. 067
o.471 0,739
2.84s 4,935

tL, +74 5.489
0. r 53 0. 059
l. ?38 4.04?
0. 031
0.014 0.048

?5.8 18. 5

z-*.12
I

0. l0 0.09
26.5 26.9
2,37 Z.Z8
n.d. n.d.

64.0 64.1
1.47 L,47
3.67 3,54
- 0.0?

n.d. n.d.
98. 98.

ll- 6-a tz-

o.lz 0.24 0. 14
zL.9 Zr.5 2t.9
2.80 2.06 2.48
n. d. n. d. n. d.

68.6 68.8 69.2
1,43 L.29 1.50
z.o3 1.36 L.57
0.07 0.30 0.08
n. d. n. d. n. d.
.95 95,54 98.8?97.2

13.z 25.4 25.0
47.9 30.05 30.4

0. t1
t3.7
16.5
3.63

52.9
0.31

10. 4

0. l?

0. 028
2,662
5,025
o.742
4.86r
6.569
0. 068
4. 006

0. 035

20.5

33. 5

4.6
31. 5

14.5
15.9

2-39,
I

0. 028
3.565
2,652

6.r&
9. 361
0. zt4
2.016

44.6

44.9

t6.6

e.o
29.9

L6.6
49. O

15, r 23.8
49,6 47.2

23.9 23.7
47.3 47.8

98.65 100.20 loo.22 99.84 99. ?L 00 05 99.3s 97.94 99.

Number of long on the Baais of 32(0)

o.oz9 0.026
5.762 5.836
0.808 0.775

3,612 3,495
I 1. 848 I l. 957
0.360 0.359
l. 582 I.5ZZ

: o.0zz

0.035 0.072 0,04?
4.845 4.862 4.878
0. 971 0.726 0. 866

5,269 5.408 5.283
rr.612 11.895 11.842

0. 356 0.329 0.376
0.890 0. 610 0.693
0. ozz 0. 097 0. o_25

72.8 ?3. 8 61.7 62. L 62. 3

Re calculated Spinel End-membe re

67.7
2.9

11. 6

7.1
10. I

32.8
4.6

31.7

L4,7
L6.Z

72.4

5.0

14. 7

1.8

?3,3 51.0

+.e 6.1

14.5 5. 3
7.4 27. 6

61. ? 61.5

4.5 5.4

+,s :. s
29.5 29.5

-zl -



Sample
Grain

sio2
Ti0;

*;3:
FeO -
Mn0
Mgo
Ca0
Nl0
Sum

Fer03
Fe0
Total

si
Ti
AI
Cr
Fu3 

j'

F"2*
Mn
Mg
Ca
Ni

Uap%

usP
Ch
Sp
Hc
Mf
Mt

?-62.41
l5c l5R

0.07
z. 07

49. L5

33.9
o. 26

L3._4

98.

0. l? 0. 14
15.8 18.0
11. 7 10. ?

_ 0.13
6r.9 60.4
o.45 0.35
6.95 8.26
0. 03

.95 97.98

TABLE 5 continued

0. ll 0.10
17.5 17.8
10. I 7.58
0.07 0.04

6I.3 63.3
o.32 0.54
8.34 6.43

0.04

27.8
6

0.030 0.028
3,542 3.761
3.203 Z.5tO
0.015 0. 009
5.630 5.898
8.158 8.975
0.073 0. 128
3.346 2.693

0. 009

9 .8 44.6

o.tz 0.tz
16. 5 16.6
7,71 7.ZZ

66. I 66.4
0.66 0.62
6,00 5.80
0.03 0.03
n. d. n. d.

97.12 96.79

31. I 31.25

43.6 44. O

15.8 L4.9

rs. + rci,+
25.z 25.7

t0
z-70.41

4

0. l3
18.45
7.17
0.08

65.3
0.71
5,66

n. d.

26. I
37.0

27 .9
38,2

97,50

27.8
40.3

48. I
0.1

t4. ?

t4.6
21. 8

79

.l .3
100.05 99.75 100. 00,53 98.59 100.3 ,22 99.94

Number of Iona on the Baeig of 32(0)

L4.4 28. o
zo- 7

0.016 0.033
0.346 3.229

12.881 3.747

z.4lo 5.726
3.850 8. 340
0.049 0.104
4.442 ?.8t6

- 0.009

- 38.7

4.5

s5.9
2.4.4

l5-2

40. I

23.5

rr]e
?3.9

0. 038
3.627
3.379
0. 028
5.262
8.296
0.079
3.299

42.9

0. 036 0.033 0.034
3.864 3.447 3,489
2.353 2.5?4 2.379
0,018
5.826 6,502 6.574
9.385 8.852 8.953
0. t68 0,155 0.147
2.350 2.485 2.4t7

- 0.009 0. 0og

47.6 At.Z 40.5

Re calcul.ated Spine I End-membe rs

45. 8
o.2

zL. z

19. 9
I3. 0

44,7
0.1

?.0, o

21. I
t3.4

47. O

0. I
r5.7

17.9
19. 3

-zz-



Salc|ple
Grala

sioz
Tioa
Al20s

FIa"
Mno
Mgo
Ca0
Ni0
Surn

Fe403
Fe0
Total

si
TT
A1
Cr

fE

Mn
Mg
Ga
Ni

Usp{c

uqB
ch
Sp
Hc
Mf
Mt

2-?r0'4,1 cont.
37

TA:BLO F -contlnucd

2-99,34
9 1,2 lo-i a ll-t I

0.09 0,59 0. l0
1!,.3 r4. 5 z4.0
?.43 ll. ? 9,67

10.9 3.50 3.&
5,2,3 5?.0 60.8
0. 68 A:.?2 o.69
5.90 8.54 4.90
0.06 - 0.04
0.05 0.f? 0.0r1

7.

3 14. g 26.16 16.8

97.21 9e,97 99.

0, re 0,1?
t.lLz 3.36

29.6 41. ?
3.li 6 5.35
zz,o 31,6
0.a6 0.21

15. f l5r.l
_ 0.03

0, 13 0"24n. d. a.

27.4 32.9
+2.0 .2

0. 16
zg,?

?.7,a
0.07

66.6
t,26
4.57
:0.06

0.08
16. B
5.89

68, A
0.63
5.18,
0. 03

44.:&

t2.2

rs]r
27,8

0, t4
1,62

3,2.6
29.6
zo.z
'a,29

15. 5

o,
00. 13 97.

6.05 7.9
14.8, 14.8

100,81 100.

t5,
17.

Ittrrrtrber of lmg on thc Baaic of 3Z{0)

0.046 o.szs
4,361 3, t66
l.zbL l, g5g
,0. Ol6
5,9L9 6, 86.1

r0.083 j,253
o.305 0. t5l
1.999 e,180
0. ot8 0" oog

5,2.4 4L,3

0.028 0, 039 0. 02,6
0' 351 O,57'5 '3. 9ll
8. r?3 r1. r9l 2.489
5.8?3 0.963 2.4j
r.rq7 2,622, 3. r8?
2,9o9 3.390 j,246
0,,05E 0.040 0,L&
5r SrgI 5. !26 U.5OO

- 0,00? 0,018
0;025 & 044 0.011

0, 1.59: 0. 0e9
2.9+E 5,,1t6
3,1ZtL 1,?.36
a.78 4.777
5,314 3. 6la
7.56,6 10.9!9
0.0?3 0. t67
!.4t8 2.0E7

- o.0lz
0.037 0.009

38. I 6-4.I
*,7 4,8

23"3 7.1

r 5. 5 r3.8
17.? 8.8

9.012
a.ega
8.898
5.4e,4
r.054
2.866
0.. 057
5.35r

o.039

62.0 3t.4 69.1

$tqcalculatod Sgirel End-rrr,eglbe re

55.1
0, 1

?.8

17. 3
19.,6

3.9
33.9
33.6
ez.0

,6.6

3-.5
36.'?
7-9.7
2L.3

8.:8

7.7
5.0

5;8.7
tl' t
16.4.

49,2
15. 3
15. 5

0.8
lg. t

-23-



IAEI;E 5 eontinxid

Si,mpls Z,-104.l5
Gratri lO.i 9 5-i

El0,
rffz
.A,la0t

Fla%
Mu0
Mgo
Ga0
N10
5..lrqr

ueP
ch
Sp
lXc
MS
Mt

Dr. 11 0,,It 0. lA
4[.ll 21.3 I5,, ?

3.Z.3 d. ?5 t:0. 7
lO. 6 5, l4 0:83
98.r 58,? 63.9
0. a8 0,68 0,3*

12.6 5.85 6.Zt
0.06 0.,06 0,04
0.lg '0.l0 0-08

98.55 9'6,2i9 gli. 56

't?. 0 l9;2 e9,0
,?rio,4x-i1 pp-q,
[o0. ?5 98.1 9,9.46

Nr,rrabet oJ Iitult on the Brsb of 32(01

il;'ao'
Totel

,6i
TI
4l
Cr
Fe3*
Fe?*
Mta
Mg
ca
Ni

u"P%

B.e,caleullated Splnel Ead.'Errsabs f a

0. 02,6 0, Od4, 0. 033
0,.736 $"5,94 3. t45
9.06? 1.4i36, 3n4?0
r. qqT 1.'16,5 6. 004
3.406 4. l+2 q. lEl
4;184 q,926 8,490
0.05:6 0,165 0.0?9.*.475 a.50U 2;.n64
0. 0I5 0. o,t8 0, 0r2
0, 0-36 0. oe3 0. ol8

- 6r. 3 38.0

q,q 5?.8:
L2.6 7:rl
44.4 9.O
L?.6

99,'7
l.l

21.1

- t5.5 9.6
7,\,.? [0. r1 21.9

-?4-



TABLE 6

Electron Microprobe Analyaea of Ilmenite in DVDP I and 2 Core Samplea

Sample
Grain

si0z
A1203
Tio"
Fe 0-
Mn0
Mgo
Ca0

i;60'
Sum

X:ao'

Total

Mole%
FeTi0t
RTiO^
Rzo3'

Hmfls't

I -121. 88
zl

z-54.72
2l

2-62.41
L26

o. ig o. ru r. or
50.8 50.5 47.3
40. t 40.5 44.1
0,84 l. tz 0.45
7.19 6.63 6.47

- 0.06
0.04 0.03
0. 03

99.3e 99,t9 99.33

8.94 9.01 15.0
3Z.l 32.4 30.6

- 0.06
0. r0 0. l2

51.8 53. I
38.2 38.5
0.80 0. ?t
7. 01 7 .07
o.l? o.lz
o.23 0.24
0.03

67. O

27.4
5,6

?.7

58.6
26.9
4.5

6.2

98.34 99.92

5.71 4.60
33. I 34.3

98.95 100.32 100. 53 100.86 00.32 t00. l0 100.83

71. L

zo.7
8.2

10. 3

71. 0
zo. 6
8.4

10. 6

64. I
27.3
8.5

ll.8

6s.1 61. t
26.2 24.0
8.7 t4. q

ll.8 19.5

0. 04
0.38 0.38

50.3 50.4
42. 6 42.9
1.34 1.34.
4.96 4.95

n. d. n. d.
n. d. n. d.

99.62 99.97

8.41 8.69
35. I 35. I

Sample
Grain

z-70.41
z

z-99.
I

2-103.1
I

si02

llrotr ruz
Fe0
Mn0
Mgo
Ca0
Cr2O3
Ni0

1. 04
47.9
41. 6
o.42
7.39
0. 06

58. 9
z?,4
13, 5

r8.6

0. 14
0. l0

51. I
41. 5

0. 69
4.9r

':-

0,07
0.74 o.9O

47.9 46,6
43.7 44.0
0.72 0.44
5.96 6,29
0.04 0.05

n. d. n. d.

Sum

Fe203
Fe0

Total

Mole{o
FeTi03
RTi0q
Rzog-

thlr%t*

63.8
?.3.0
L3.Z

17. I

51. 1

23.7
15.2

19. 9

99. 07

7L.7
23.6
4.7

6.1

98. 68

5,70
36. 5

99. 28

74.8
19. 8
5.4

6.7

98.41 99. 13 98. U e

13. 5 13.35 t5.4
29.4 31.7 30.2

99.71 100.48 99.88

*Calculatcd by method of Catrnichael (196?)

-25-



TABLE 7

Electrou Mic*oprota .analyaeo or Feldapare ia DVDP I and z csre salrl,Fleg

Sanple
Greia

gi0,

ftdS
Fe0-
Mgo
CaO
Na20
l[a0

Sum

I - 57. 941

t?

57.'8 5% 4
2:6,0 A*.6

0, rl o. t5
o.dl 0,49
0.03g.zi' 6,59
6.61 7,36
0..& 0.68

99.8? 99,26

2-F/|.,n2
relZ

e-r03. I 5
I

50,* 51.7
30" 9 29.9
o.z8 0.28,0,73 0. 53
0.03 0.05

l'4.6 tz.3
3l t4 4.zl
O. 18 0|24

99.89 100.34 100. 5ll 00. a6 99.2t

Nuir,b€r of tr@e o.n the Earis of 3t(0)

l-r3l.
tr-a

10. ,tl?t
5,994
0.026
o. 0?r
0,00?
L. WZ
2.4t2
0. r?6

r5.865
4.z94

24.099

37.3
5E:.4
+.3

st
Ar
Ti
Fe
Me
Ca
Na
K

L
x
Sgrn

4rr
Ab
Or'

lo. 40? 10,. 6g9
5.510 5..230
0. 0r,5 0.0?l
0. 05r 0.,0?a
0.008
r.594 1,273
2,347 2,511
0. 14? o. l5?

t5.917 t5.qa9
4' 132 4.09A

zo,a49 20.023

39,4 3l. g
57.O 64"3
3.6 3,9

r0. l9g r0.a99 10. t??
5.68t0 5,6n6 5. 6,90
0.030 0.0?0 0.0!?
o 091 0.074 0,091
0.0lI 0,009 0.0?8
1.853 r.686 1.8?t
2.008 r.196 2.0'52
0.1tr8 0. 163 0. le3

x 5. 879 15. 978 r 5. 86?
4. rtl $.948 4,t82

19.990 19.923 Z0.O4g

46,6 43.9 45,6,
50,5 51.9 5|.3
:2,9, 4,2 i. r

9.C00 9.469
6,650 6.4U
o,039 o,039
0. lll 0. oql
0.0019 0" ol3
2.853 2.4t6
l.llo t,.497
o. o4z 0. 0,56

15.850 15.933
4. f 6* .1.103

zo.0.l4 a0. 035

7l.e 60,9
?7.7 37.7
t. t 1.4

56.5 5?,5 86.7
26.7 e6. g; a,6"9
o,?2 o. 15 0. 13
0,60i 0. 50 0.6-0
0. Orl 0. Ot A,29
9.58 8,79 9.48
5. ?rt 5,75 5.90
0.6t 0. ?t 0.5d

-?6_



TABLE 8

Electroa Microprobe Anatyaee of Apetltc fa DYDP I cad 2 Core Se,rirplea

Saupla
Graln

si02

*lio'
Fe0
Mn0
Mgo
Ca0
Naro
Kzl
taos
Total

0. l8
0.0?
0. t7

50. 9
0.15

?-84,72
I

2-62.+l
l-1

2-70.41
z-1 I

0.50 0. 28
0.03 0.03
0.05
0.40 0.25
0. 05
0.38 A,t6

51.4 tl. ?
o. l2r o, 16

95.45 96.48

0.36 0.29
0.04

0.39 0,26
0.03 0.04
o.47 0.36

51.2 51.6
o. 16 0. 15

-27 -



APPENDtrX B continued
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Table I. Electron microprobe analyses of olivine

Sample 25726
Grain 3

SiO2
A12O3
Ti02
FeO*
!4nO
Mgo
CaO
Na2O

Sum

z
x
Sum

0.985

0.001
o.92L
0.060
L.O32
0.o15

0 .985
2.O29
3.0r4

45.7
3.0

51. 3

0.993
0.001
0.002
0.908
0. 056
L.026
0.017
0.002

0.993
2.OL2
3.005

45.6
2.8

51.6

0.9e4

o. ool
0.930
0.058
1. 025
0.015
o. oo2

0. 984
2.03L
3.015

46.2
2.9

50.9

0.981

0.001
o.926
0.058
I.036
0.015

0.98r
2.036
3.017

45.8
2.9

51.3

25724
2

35.2

0.03
38.5
2.57

23.I
o.49

1.008

0.001
o.921
0.062
0.984
0,015

1.008
I.983
2.99L

46.8
3.2

50.0

34 .0

o.03
37.9
2.38

24.3
o.5t

0.980

0.001
0.9r5
0.058
1.048
0.016

0.980
2.038
3.018

45.3
2.9

51.8

34. r

0. 03
38.1
2.44

24.O
0.48

33. I

0.05
38.1
2.3L

24.4
0.44

0.978

0.001
q.e20
0.057
1 .050
0.0I4

0.978
2.042
3.020

45.4
2.4

51.8

34.6 34.7
- 0.03

0.05 0.02
38.6 38.6
2.52 2.5L

23.6 23.0
0.s0 0.s3
0.03 0.03

99.L2 99.15 99.10 98.11 98.82 98.59 99.89 99.90 99.42

Nunlcer of cations on the basis of 4 (O)

si
AI
Ti
Fe
Mn
M9
Ca
Na

0.994 I.000
- 0.o0L

0.001 . 0.00I
0.925 0.930
0.051 0.061
I.007 0.990
o.015 0.0L6
0.002 0.002

o.994 1.000
2.011 2.001
3.005 3.00I

46.4 46.9
3.1 3.1

50.5 50.0

Fe
Mn
M9

25725
2 L-C l-R

34.1 33.9 33.7
0.02
0.10 0.04 0.04

37.35 38.3 38. L
2.28 2.37 2.36

23.7 23.7 23.9
0.53 0.48 0.49
0.03 0.o3



356,

llabLe l-- contlntred

Saqgtle 25724 cont
Grain 3

Slo.2
Al2Og
Btog
FeO*
l&ro
tr@
CaO

S.uB

35.1
0.03
o.o4

38.85
2.38

22,V5
o.50

99.85

3s:r

0.05
38.1
2;.34

24.65
50

34.8

0.02
38.3
2.35

24.4
0.49

0. 05
39.0
2.3?

24.L
o.49

0,988

o.o0l
0.928
o.o57
1.021
o.ols

o.988
2.O22
3.010

45.3
2.4

5o.9

34,2
2.1,8

21,L
o.,4L

100.?5 100.36 100.81

Nuniber of catLons on ttre basts of 4 (O)

si
AI
Iri
Fe
!,ltl
!{g
Ca

z
x
Sun

E'C

ltp
ug
Ca

r.,.007
0.00!,
0.ool

'.0.932

0.063
0.973
0.015

1.007
l_,985
i.992

47.4
3.2

49.4

0,992 0.990

0ro0t 0.001
Q,902 0,912
0.056 0.057
1.039 t.03s
0.0I5 0.o15

o.E92 0.990
2.013 2.O20
3.O05 3.O10

45.2 t15.5
2.8 2.8

52.0- 51.7

48.5
3.t

41.3
0.6

a Arrul1'""d using 5O p defosused beam.
b 

SaryU,e l9l0-199r c+te Eqrdls, iqrm:Lchael 1967.

An2
ra za 3a
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TAble 2. Electron microprobe analyses of clinopyroxene

VUW no. 25725
Grain IC 2a1R

SiO2
A12O3
Tio2
FeO*
MnO

M9o
CaO
Na2O

5L.7
2.72
1.38
9.30
4.62

11.9
2L.8
o.94

51,5
2.85
1.43
9. 34
o.62

12.1
2L.7
0.95

L.918
0.082
0.043
0.040
0.029
o.262
0.020
o.672
0.866
0.069

2.000
2.000

47.6
36.9
15.5

6.7
65.7
27.6

5r.6
2.98
I.42
9.39
0.58

12.1
22.O
0.98

101.0s

L.44
8.09

1.912
0.088
o.033
0.038
0.053
0.25s
o.021
o.661
0.866
0.074

2.000 2.000
2.000 2.000

AnL
1

51. r.
2.79
t.29
9.46
0.65

L2.2
2L.6

1. 04

oo.l-3

2.33
7.37

r.907
0.093
o.030
o-036
o. 065
0.230
O. Q2I
o.679
0.864
0,075

2.000
2.000

48.2
37. e
14.0

7.5
67.6
24.9

Sum 10O.36 I00.51

Fe2O3 O.40 1.02
FeO 4.94 8.42

TotaL 10O.40 100.60 I01.19 99.30 99 .97 98.95 94.49 94.92 00.36

Number of cations on ttre basis of 6 (O)

si
Al,
A1
Ti
re3t
Fe2*
Mn

Mg
Ca
Na

z
x+Y

1.930
0.070
0.049
0.039
o.011
o.279
0. 020
o.662
o.872
0.068

2 .000
2.000

L.911
0.089
0.041
0.040
0.040
0.251
0. oI8
0.668
0.873
0 .070

2.000
2.000

48.2
36.9
L4.9

7.O
66.3
26.7

L.897
o. r03
0.0I4
0.041
0. 069
o,22L
0.020
0.681
0.891
0.062

2.000
2 .000

49.1
37.6
13.3

6.3
69.2
24.5

I.889
0.111
o.021
o.047
0.059
o.234
0.020
o.672
0.885
0.063

2 .000
2.000

48.9
37. I
14. O

6.4
67.9
25.7

1.897 L.888
0.103 0.1L2
0.oL9 0.012
0.039 0.038
0.079 0. I03
o-217 0.209
o.oz]- o.023
0.670 0.668
0.882 0.871
0.073 0.o77

Ca 47.6
M9 36.1
Fe2++l,rn 16. 3

48.0
36,7
l-5. 3

7.3
65.4
27.3

49. 3
37.4
13. 3

7.4
68.3
24.3

2.000
2.000

49.2
37.7
I3.1

7.9
68.4
23.7

Na 6.6
M9 64.3
Fe2++un 29-I

t Arr"ly".d using 50 p defocused bean.

25724
3

50.2 50.3 50.4 49.8 49.7
2.64 2.99 2.7r 2.72 2.77
L.45 1.65 1.32 L.35 L.32
9.r9 9.32 9,70 9.30 9.81
0.63 0.63 0.64 0.65 0.71

LZ.L Lz.O LL.7 11.8 11.8
22.O 22.O 21.3 2L.6 2L.4
o.8s 0.86 L.00 0.99 r.05

99.06 99.75 98.77 98.2L 98.56

2.43 2.09 1.86 2 .77 3. 59
7.00 7.44 8.03 5.81 6.58



VUW no.
Grain

AnI
9

cont.

Table 2 continued

358.

50.4 51. r
2.80 2.87
L.32 I. 38
9 .75 9.81
0.65 0.53

L2.2 l-2. O

2r.1 2L.4
1.07 1.11

99.29 100.30

2.99 2.28
7 .06 7.76

1.897 1.906
0.103 0.094
0.021 0.032
0.037 0.039
0.085 0.064
o.222 0.242
0.021 0.020
0.684 0.667
0.85I 0.855
0.o78 0.080

2.000
2.000

47.9
38 .5
13.6

7.4
68.1
24.L

2,000
2.000

47.9
37.4
L4.7

7.9
66.I
26.O

13L2

Sio2
AI2O3
TiO2
FeO*
l{nO
Mgo
CaO
Na2O

Sum

Fe2O3
FeO

Total

si
AI
A1
Ti
Fe3+
Fe2+
l4n
Mg
Ca
lia

L.920
0.080
o.o22
0.034
0.057
0.245
0.021
0.695
o.862
0 .065

1.904
0.096

0.033
0.098
0.213
0. 021
0.683
0.884
0.068

2 .000
2 .000

49.1
37.9
13 .0

7.9
65.1
26.O

(s2.3)
2.68
L.52
9.L
0.52

12.5
20.5
o.92

00. o0

45.2
38. 3
15.5

50.6
2.28
1.t9
9.50
0.64

L2.3
2L.2
0.89

98.60

1.98
7.72

50.5
2.25
L.22
9.68
0.65

12 .15
2L.7
0.95

99.1I

3,07
6.92

1.907
0.093
0.007
0.035
0.087
0.2I8
0.021
0.684
0.878
0. o70

2.000
2.000

48.8
38. O

L3.2

7.O
68.9
24.L

50. 3
2.L6
1. 15
9.83
0.6s

L2.L
21.8
0.93

98.93

3.45
6.72

50.7 50.s
2.59 2.62
L.2L 1.33
9.85 9.95
0,65 0.70

l_1.9 11.9
2L.7 2L.6
I.01 I.04

99.61 99 .64

2.77 3.09
7.36 7.L7

L.906 I.899
0.094 0.101
0.021 0.015
0.034 0.038
0.078 0.087
0.23r o.225
0.021 0.o22
o.667 0.667
o.874 0.870
0.074 0.076

2.000
2 .000

48.8
37.2
t-4.0

5.9
69.3
23.8

2 .000
2.000

48.8
37.4
13.8

7.7
67.4
24.9

98.80 99.42 99.59 LOo.53 99.28 99.89 99.95

Number of catlons on the basls of 6 (O)

z 2.000
x+Y 2.000

Ca 47.3
Mg 38.t
re2++un 14.6

Na 6.3
Mg 67.7
re2++un 25.9

" Ar,"ty".d using defocused 50 g bean.
b sa*ple 19LO-L99r Cape Royds, Ca:michael (1967)

50. 75
2.7L
1.39

10. 0
0.66

L2.2
21.55
1.06

100.32

3.34
7.00

100.65

r. 893
0.107
0. o12
0.039
0.094
0.218
0.021
0.678
0,861
o.o77

2.000
2 .000

48.4
38.1
13.5

7.7
6A.2
24.L
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Table 3. Electron microprobe analyses of magnetite

VUW no. 25726
Grain 2

25725
L2

0.03 0.04
2.39 2.44

25.4 25,4
65. 1 65 .2
r.7r L.77
2.95 2.99

97.58 97.84

18. 3 18.4
48.7 48.9

99.48 99.94

70.2 70.O

Sio2
A12o3
Tio2
FeO*
MnO
MgrO

CaO

Sum

Fe2O3
FeO

Total

Usp ta

0.06
2.24

25.5
65.4
L.76
2.90

97.eO

tB.3
48.9

99,7Q

70.3

0.05 0.07
2.43 2.34

25.2 25.3
65,4 65.4
L,76 L.76
3.01 2.98

97,85 97.85

18.9 18.7
48.5 48.6

99.85 99 .75

69.3 69.6

0. 06
2.33

25.3
65 .5
I.80
2.94

97.93

18,8
4S.6

99.75

69.5

0.06
2.46

25.7
65.2
1.75
3.04

98.2I

18.0
49. O

100.01

70.7

0.05 0.09
2.34 2.3L

25.6 24.7
65.3 65.0
L.76 l_.78
3.02 3. t 1

0.05

98.07 97.O4

18.3 r9.4
48.8 47.6

99.87 99.04

70.3 68.1

a calculated by the method of Carruichael (L967).

VUW no. 25724
Grain 3

97.78 98,45

20.0 I8.9
47 .9 49.1

99.78 r00.25

6?.5 69.6

99.60 99.42

69 .9 69.8

99.68 100.20

69.1 69.5

An2
1a

0.10 0.08
2.43 2.50

25.2 25.4
65.5 65.6
1.73 1.70
3.14 3.05

98.10 98.33

18.95 18.6
48.4 48.9

99.95 100.23

69.1 69.9

3a

SiO2
A12o3
TiO2
FeO*
l4no
Mgo
cao

Sum

Fe2O3
FeO

Total

Usp t

0. 06
2.24

24.9
65.4
1.85
2. 85
o.24

97.54

19.3
48. I
99 .54

58.5

0.08
2.23

24,7
65.9

L.84
3.00
0.03

0.07
2.3L

25.3
66.2
r.81
2.76

" An.Iy".d using defocused 50 p beam.

AnL
I

0.07 0.09 0.09 0.08
2.60 2. 30 2.27 2.40

25.15 25.2 25.0 25.3
65 .4 6s. s 65.7 66.0
L.?4 L.72 L.70 1. 70
2 '84 2 ' 81 

3: 13 3:31

9 7 .80 97 .52 97 .68 98 .40

18.5 18.6 t9,1 L8.9
48.7 48.7 48.6 48.9



lfable 3 eontinued

VllW no,. An 2 co-lrf,.
GraLn 2a

360.

Carmrichaelb
AB

stoe 0.07
AJ.ZOS 2.,8!9'
ELO2 25.2
FeO* 65.1
lho 1.66
Iifgo 3ro2
9ao q,Qg

0.06 0.o9
27 "5 26.1,
O.26 0"I7

!a

67,L 67,g
2.05 Z.zL
o.24 0.16
Q,QC 0.06

Siog
EioE
Al2Os
vzog
FeO
![nO

,!r@
cao
hr(t
gi4

Fe2O3
SeO

0.04
26,.3
1.81,
0.09

65,3
1.6?
3.15

0.o9 0.tr8 0.L7
98,4

L7.7
49.4

97.4 96.6

14.91 17i.3
53.7 52.3

Fe2Og
FeO

fotal

Usp i

t9.0
4q.?

100.a7

69.2

fatat L00rZ

UsB * 7L;9

98.9 9,8.!4

78. g 7,5.2

t At-telyt"d rrsing dtefoctrsed 50 ll :beam.

Phenocrys't Saugtle 19LO-tr99, CsEE SoydlS GatrtichaeL
Fhenoq"rfet Sirngle 1930-r2lgr Catrn Errans Carmi,'cbael
gE:,olr$dnaEs $ample 1930-218r gaEe Evang CatrBighaai.

be

ts

e

(Lei67r.
and NiehoUs- (19571.
arrd Nl-cholls (L9571,
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table 4. Electron aderoprobe anaLyses of, pErrhotite

tl[Ill no. 25724
GraLn5213

Fe 62.L4 52'19 62.22 64.41
37.2t 37.32 37.60 37.56

Sre 99.41 99.51 ,99.82 99.97

!{tolecular p-rql}ortLons

1.113 1.114 1.114 1.11.7
1,152 I. t64t 1.J.73 L.\72

lble fractlon 0.979 0.978 0.975 0.975
FeS
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Table 5. Electron nicroprobe analyses of anorthoclase

V[lgl no. 25724
Grain I'

An2
ca

64.4
2L.7
0.13
0. L5
2.75
7.48
3.77

62.5
23.L
o. IL
o.18
3.79
7.49
2.e6

63.7
22.4

0.13
0.19
3.36
7.46
3.22

62.9
23.O
0.13
0.20
3.80
7.39
2.94

IA RA

SiO2
A12O3
Tio2
FeO*
CaO
Na2O
Kzo

Sum

62.7
2L.5
o.L2
0.19
3.54
7.32
2.94

98.31 98.75 97.92 98.68 99.4L .38 100.03 100.46 loo. 36

si
A1
T1
Fe
Ca
Na
K

z
x
Surt

11_.369
4.591
o. oI7
0.028
0.589
2.573
o.679

L5.960
3.985

L9.946

L7. s
65. 3
L7.2

tI.43t
4.496
0.016
0.032
o.626
2.647
o.7s5

t5.927
4.076

20 .003

15.5
65.7
18.7

1I.268
4.655
0.018
o.o24
0.820
2.625
o.574

15.923
4.061

19.984

20.4
65.3
14. 3

11.440
4.s47
0. 017
0.023
o.524
2.577
0.854

15.987
3.995

L9.982

L3.2
65.2
2L.6

1r.155
4.858
o. ol5
o.o27
o.724
2.592
0.650

16. or3
4.008

20.o2L

18. 3
55. 3

L6.4

11 .317
4.679
0.0r7
0.o28
0.638
2. 558
o.729

15.995
3.980

L9.976

L6.2
65.3
18.5

11. t 85
4.810
0.017
0.029
o.723
2.546
o.667

15 .995
3,982

L9.977

r8.4
64.7
16.9

l-L .498 l-L. 393
4.418 4.531
0.018 0.016
0.028 0.03r
0.609 0.636
2.600 2.660
0.800 0.772

L5-916 L5.924
4.055 4.LL5

L9 .971 20.039

L5.2 1s.6
64.8 65.4
20.o 20.o

An
Ab
Or

" Arru1y=.d using defocused 50 p beam.

AnI-Ja- ra ra Ra

63.6 62 -4 63.2 62.8
20.8 2I.1 zL.L 22.O
o.13 0.12 0.12 0.14
o.r8 0.21 0.21 0.16
3.l-4 3.25 3.23 4.26
7.42 7.52 7 .55 7.54
3.47 3.32 3.27 2.5L

Number of cations on the basis of 32 (O)
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Table 6. Partial analyses of anorthoclase.

SanpJ.e Position CaO NarO KZO Sum An Ab or

Anl

An3

I
4
3
6
2

53
31
42
50
40
45
47
5I
26
55
4L
37
35
43
46
48
25
54
36
27
38
44
49
32
28
39
30
52
34
33
29

2.72 7.30
3.02 7.33
3.20 7 .40
3.20 7 .44
3.44 7.55
3.44 7.34
3.12 7.35
4.00 7.38
2.87 7 .38
4.L7 7.39
3.6L 7.40
3.46 7.43
3. 68 7 .44
3.83 7.44
3.9s 7.45
4.01 7.45
3.02 7 .4s
3.82 7.46
3.29 7.46
3.41 7 .47
3.05 7 .48
3.75 7.48
3.40 7.49
3.65 7.49
3.35 7.49
3.25 7.50
2.84 7.50
3.57 7.5r
3.21 7. sl
3.40 7.52
3.30 7.52
2.89 7.54
3.29 7.54
3.37 7.59
3.11 7.62
3.22 7 .62

3.84 13.86
3.58 13.93
3.48 14.08
3.37 14.01
3.12 14.1r
3.21 13.98
3.45 t3,92
2.72 14.LO
3.68 13.93
2.66 L4.22
2.96 13.97
3.L2 14, 01
3 .08 L4.20
2.88 14.15
2.80 L4.20
2.78 L4.24
3.58 L4.0s
2.88 14,16
3.26 14.01
3.24 L4.L2
3.40 13.93
2 -90 14.13
3.17 14.06
3.07 L4.2L
3.22 14.05
3.33 14.08
3.63 13.97
3,04 L4.L2
3.29 14.01
3.29 L4.2L
3.38 14-20
3.69 L4.L2
3.22 14.05
3.18 L4.14
3.42 14. 15
3.30 14. 14

64.4 22.3
64.5 20.8
64 .6 20.0
65.l- L9.4
65.6 L7 .9
64.6 L8.6
64.8 20.0
64.9 15.7
64.8 21.3
64.6 15.3
65.2 L7.2
65.2 18.0
64.7 17.6
65.0 16.5
64.9 16. r
64.8 ls.9
64.9 20.6
65.1 16.5
65.3 18.8
65.0 18.6
65.6 19.6
65.2 ]6.7
65.4 18.2
65,0 L7 .5
55.4 le.5
65.3 19, L
65.5 20,8
65.4 L7.4
65.6 l-8. 9
65.0 l-8. 7
65.0 19.2
65.2 21.0
65.7 r8.5
65.8 18.I
65.8 L9.4
65.8 18.8

13.3
L4.7
15.4
t5. 5

16.5
16.8
L5.2
19.4
1,3.9
20.L
17.6
L6.8
L7.7
18.5
19.0
19.3
14.5
18.4
t 5.9
L6.4
14.8
r8. I
16.4
17. s
t_6.1
15.6
13.7
L7.2
15.5
l-6. 3
15.8
13.8
t5 .8
16.1
14.8
15.4
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Table 7. Electron ruicroprobe analyses of glass inclusions in anorthoclase l'

Position

SiO2
Al-2O3
TiO2
FeO*
llnO
Mgo
CaO
Na2O
Kzo

Srrr

54. e
18.2
0.98
5.23
o.27
0.84
r.85
8.91
6. t6

s5.6
I8.5
t.o0
5. 30
o.26
0.80
1.82
9.O2
6.L7

55.4
L8.5
t-.00
5.26
o.27
0.80
1.91
9. L4
6.03

54.4
18.3
0.98
5.17
o.26
0.8r
1.85
a.62
6.22

55.8
19.9

1.OO
5.09
o,27
o.79
r.46
9.2L
6. 35

55.0
L8.8
0.99
5.09
o.25
o.79
1.81
9.08
6.25

55.7
19.3
0.99
5.1-0
o.27
0,80
1.70
9.48
6.20

s5.3 55.6
L9.2 19.3
0.98 0.97
4.86 4 .88
0.23 0.27
o.77 0.80
L.37 L.72
9.63 9.r4
6.57 6.4r

97 .24 98.47 98.41 96 -62 98- 87 98.06 99 's4 98.91 99.09

Recal-culated to 100t

Sio2
A1203
TiOz
FeO
MnO
Mgo
CaO
Na2O
Kzo

56 .4 56.5
18.7 18.8
L.oL 1. 02
5.38 5,38
0.28 0.26
0,86 0.81
1,90 I.85
9,r5 9.16
6.33 6.27

56.3 56.3
I8,9 18.9
L.O2 1. 01
s.34 5.35
o.27 0.27
0.81 0.84
L.94 1.93
9.29 8.92
6.13 6.44

56.I 56.0
L9.2 L9.4
1.0r 0.99
5,r9 5.L2
0.25 0 .27
o.8L o.80
1.95 1.71
9.26 9.52
5.37 6.23

55.9 56.r
L9,4 I-9.5
0,99 0.98
4.91 4.92
0.23 0.27
0.78 0.81
L. 39 L.74
9.74 9.22
6.64 6.47

56.4
t9.r

1. 01
5.15
o.27
0.80
1.48
9.32
6.42
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Table 8. Electron microprobe analyses of glass incLusions in anorthoclase 3.

Position 135

Sio2
AL2O3
TiO2
FeO*
llnO
Mgo
CaO
Na2O
Kzo
Pzos

Sun

55.25
20. I
t.02
5.08
0.28
0.92
1.59
9.15
6.33
o. 37

55.7
19.9
0.96
5.05
o.24
0.81
1.50
9. L8
6.54
0.36

55.6
19.9
o.99
5,lL
o.27
0.81
L.76
e-92
6.45
0.34

55.8
19.9
0.98
5.14
o,26
0. g3

L.77
8.95
6.48
0.40

55. I
]i9.7
0,98
5.20
o.27
0.82
1.68
9.L2
6.27
0.35

55.4
19.4
1.09
5.20
o.27
0.82
1.65
8.72
6.45
0.38

55.9 53 .2
19.4 19.45
0.96 1.06
5. 25 s.29
4.23 0.24
0.82 0,80
1.94 r.91
8.74 8.64
6,09 6.10
0.40 0.40

99 . 99 LOO .24 100 . l-5 100 , 51 100 . 19 99.39 99.73 99.09

Recalculated to L00t

sioz
Al203
TiO
FeO
MnO

MgO
CaO
NaZO
Keo
Pzos

55.25
20.1
1.02
5.08
0.28
0.82
1.59
9.15
6.33
0. 37

55.6 ss.5
t9.85 19.9
0.95 0,99
5.04 5.10
o.24 0.27
0.81 0.81
l-.50 L.76
9,16, 8.9r
6.52 6.44
0.36 0.34

5s.5 55.7
19.8 19.7
0.98 0.98
5.r1 5.I9
0.26 0 ,27
0.83 A .82
L.76 1,68
8.90 9,10
6.45 6.26
0.40 0.35

55.75
19.5
1.10
5.23
o.27
o. 82
t.67
8.77
6.49
0. 38

55.05 55.7
19 .45 19.65
0.96 I.07
5.26 5.34
0.23 0.24
0.82 0.81
1.94 L.92
8.76 8.72
6.rl 6.16
0.40 0,40
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Table 8 continued

Position I0 15 L7I6 2L 24

SiO2
AJ.203
TiO2
FeO*
llnO

.Mgo
CaO
Na2O
Keo
Pzos

Sum

55. s
19.8
t .00
5,44
o,27
0.82
1, g0

9.67
5.87
0.38

55.6
L9.7
0.99
5.24
o.27
o. gl
2,O7
9,73
5.99
0.4L

55.4
19.5
1.08
5,46
O,25
0,87
L.56
8.86
6.40
o.42

55.7
19.4
I.OI
5.47
0.26
0.78
r.85
a.67
s.77
0.35

55.9
19,4
1.03
5.36
o.27
0.83
L.e2
9,O2
5.97
0.4L

55.3 55.55 55.5
L9.6 L9.7 19.6
0.98 l.o0 1.00
5.17 5.14 5.09
0,26 0.25 O.29
0.83 0.84 0.84
1.50 L.76 1.62
9.14 9.16 8.99
6.48 6.L6 6.31
0.39 0.41 0.40

99,65 99'.8L 99.80 99.28 I00.01 99.65 99.97 99-64

Recalculated to 100*

Sio2
A12O3
TiO2
FeO- .

![nO
Mgo
CaO
Na2O
KzQ
Pzos

55.7 55.7
r.9,9 19.7
1.00 0.99
5.46 5,25
o.27 0.27
0.82 0.81
1.91 2.O7
8.70 8.75
5.89 6.00
0.38 0,41

55.5 56.L
19.5 I9.5
1.08 1.02
5.47 5.51
0.25 0.26
o.a1 0.78
1,.56 1.87
9.88 8.73
6,4L 5.8L
o.42 0.36

55.9 55.5
L9,4 L9.7
1.03 0.98
5.36 5.l-9
o.27 0.26
0.83 0.83
1.82 I.50
9.O2 9.L7
5.97 6.50
0.4L 0.39

55.6 55.7
L9.7 r9.7
1,00 1.00
5.14 5.11
o.25 0.29
0.84 0.84
L.76 L.62
9.16 9.O2
6.16 6.33
o.4l 0.40
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APPENDIX C

ANALYTICAL TECI1NIQUES

Crushing

A 100 cc tungsten-carbid,e ITE!{A| swing nill $tas used for
crushing aII sarnples. In order to determine time and sample

size requirements a test sample (25706) was crushed using
different sample sizes and varying grinding times. A pipette
analysis wis made of the crushed sample to determj-ne the size
distribution.

Run

I
2

3

Sample Weight
9rams

50

9s

95

Crushing Time
seconds

45

60

45

Mean Size
Phi

6.9
5.8
6,8

o

1.6
1.5
1.5

In all three runs the mean. grain size was the same. For routine
work 90-100 grams of sample vtas crushed for 60 seconds.

X-ray Fluorescence Ana1Ysis

Most major and all trace element analyses were made using

x-ray fluorescence sPectroscoPy.
Major element analyses lvere made at Victoria University

using a Seirnens SRS-I spectrometer. instrumental settings are
given in Table 1. Most samples were analysed in duplicate and

often each $tere analysed in duplicate for SiOt and AIrOt.
Calibration was made using synthetic oxide rnixtures and a large
suite of international rock standards. The method is extremely
precise and accurate judging from replicate determinations and

analyses of international rock standards (Table 21. X-ray

fluorescence (XRF) determinations of magnesium (t"Igo) are

difficult because of the low count rate (Table I) r high back-
ground and interferences due to fluorescence of the ADP cryst'al.
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rAB!E: I Instt'iiircntal gett,lngs :fsr ,x-ray flugregcence.

A. Majore ElenEntsa

Mgoc

Al2O3
roa

P2os

azo
Fe2Og

Cao

Tto2
tlno

55 45

55 46

55 45
55 46

s5 85
sB 26

55 22

55 15

c5 35

ADP

PE!!

Fffr
PET

Ft!
i.lFzo0
LiE'ZOO

aFzoo
LtFZ0,O

r50 l?
80 160
80 L6,0

80 20;o

18 4!00
40 1200

40 
'80040 7000

a0 3900

c
e
c
c
c
c
F

e

c

Cr
cf
Cr
ca
er
Cn

er
c.r
*ll

A. Trace Elemeatg

Et€netlt Fube qry€tal collirqatorb vaqru"ll courr,terd 

'egulrilngq 
lned Corrote Eitd Ado,p-tede
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:!nWSF2OOFOt
SE !i!o IriFeOO F el,r
Rb !{o DiP2O0 F Alf
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V Ati df,ttO F Oa

ZtWIdF2OOCA{r

lrrs
F+S

F+S

tr+s

s
s

I
F

I

2AO

200

200

20Q

100
100

200
200

200

r_00

t00
IO0

100

r00
100

r00
100

100

120
78

1L0

82

dEl
LT{

16 nl
t6 w1

tr{ fil
9tn

26 G2

.20 G2

2. Wt I20
I wl ztg
2 ?,t 300

r f1 gior ?lefognt <tet*jnrLnatiqnq madq at Vl-atorla Un,lversity of, Belll.ngton ue{nga selrn'ens sRsFl sPectrotnEter, vaquua and f,low pEoportLe4al'counter treie uaeO
tbroughou-ti

b'C - "oa!". 
(,0;4.), F.- fLne {,O.1-So}

"311.". heiqh! analyser wa9 lun 25i of,f, Elre .slr@etrlcaL poeitJ.on !o redqcebaelcatound atue to erfgtal fluoteecqrc€.
S - f,Los ptopqrtl.onal eorultef, S '= sc.int{ll.atLon oounter..
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Selected samples were analysed by XRF and atomic absorption
spectroscopy and show excellent agreement (Table 3) ' they
give confidence to the XRF determinations.

TABLE 3. X-ray fLuorescence HRI') spectroscopy anil atomic

absorption (AA) spectroscopy deteminations of MgO.

Sample AA

22879
22844
22888
22896
22952
22962
2526L
252A3
25290
2529L
25704
P2297L
P22973

6.42
5.40
0.56
6.74
o.4r
0.98
r.65
0.18
L.29
L.22
r -13
0.17
o. 13

6.29
5.60
o.52
6.74
0.41
0.96
1.59
0.14
L.28
I.20
1 .14
0.17
0.13

Trace element determinations were mad.e r with the
exception of Y and zr, at the University of Montreal using a

Philips L220 x-ray fluorescence spectrometer. U.S, Geological
Survey rock standards were used for calibration (Table 1).
Mass absorption coefficients were calculated from the major
element composition and mass absorption tables. Cr analyses
were performed both at Victoria University using a Seimens

spectrometer and at the University of Montreal. Excellent
agreement, in general better than 58, is shown between the
two laboratories (Fig. 1). Victoria University determinations
show a bias to slightly higher values above the 200 ppm level.
Trace element analyses for U.S. Geological Survey rock standards
are given in Table 4 and. show good agreement with determinations
made in other Laboratories.



3
f

500

400

300

200

371.

/v\O N TREAL

FIGITRE I PLot of Cr deterrninations madle at Victorla University againat
cleterminations made at the University of l"lontreaL. DaEhed llnee
indisate 5* dlifferense about the line of equal values.

r00

o0 100 200 g00 400 S00

a

,r/r,
7

7'.
/,

/
/.2

/ tl,/

/t/'/il'
fr

/
/

t



372.

TABLE 4. Comparative values for trace elements in U.S. Geological
Survey rock standards.

Element Laboratorya BCR G1 GSP I{IAGV G2

BA

Rb

Ttris study
Flanagan

This study-VUW
This study-uM
ucr
Flanagan

This study-WW
This study-UM
UCT
Flanagan

This study-W{
UCT
A}IU
Flanagan

This study-UM
t'lanagan

Ihis study-UM
Flanagan

This study-UM
Flanagan

This study-UM
UCT
ATiIU

Elanagan

llhis study-WW
ucT
ANU
FJ.anagart

t^
(1080)" 19LO
L200 L870

42 (169)
49 22O (174)
47 2IO L74
47 220 168

32s 24s (451)
333 2s6 (481)
328 249
330 zso 479

180 201 (300)
L92 2L9
I80 2r0 305
190 2L0 300

L2L4
1300

254
260

254

228
235

233

523

500

lr2
98

4I
33

44
41
4L
53

134
160

L92
L88
r90

78

70
67

655

657

zra

225

61
60

18
18

ro4
99

104
L25

366
370
370
399

I4
t6
13
t8

(82)
86

(110)
ll-0

(78)
76

(2401
(240)
240
254

(r20)
(120)
111
1r4

22
2L
2L

Sr

Zt

Zn

Cu

Cr

87
85

11
L2

6
5

33

35

Ni

v

9
L2
I3
L2

9
1I
L0
L2

" rhi" study \ruw -

llhis study UM

deteminations made by Seimens and Philips xRF at
Vlctoria University of l{ellington.
detersrinations nacle by Philips XRF at the University
of Montreal.

U.C.T. - XRF deteminations, UnLversity of Cape Town (O. neid pers. corrm,).
A.N.U. - XAF detetminations, Australian National University.
Flanagan - average values Flanagan Ct973).

Samp1e used as calibration standard with assumed value shown in brackets.
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APPENDIX D

Tables 7.L to 7.15

Compilation of major and trace element analyses

and CIPW norms for rocks of the McMurdo Volcanic

Group, excluding the Hallett volcanic province.
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TABLE 7.1 Analyses of rocks frorn the Ealleny
volcanic province.

vtth'lto.
I

2459L
234

24583

sio2
Tio2
A1203
I'e 20 3
FeO
MnO
Mgo
Cao
NazO
Keo
Peos
H2O+
Heo-
coz
s
-O=S

Total

Rb
8a
Sr
Y
Zr
Zn
Cu
Nt
v
Cr
Kt
K/Rb

t'!g No.

Or
Ab
An
Ne
D1-wo
DI-fs
Di-en
Fo
Fa
Mt
I1
AP
Cc
Othere
TotaI

D.I.
Anx100Fffi

43.29
2.51

14.60
4.24
5. 38
0. r8

10.25
10. 37

3. 41
L.27
0.60
0.52
0. 60

44.7 4 44.99 45.06
3.00 2.70 2.69

16. 34 ls. st I8. 76
3.72 3.43 0.23
7 .72 7 .27 9.94
0. 19 0. 19 0. 19
7. s3 9.29 7. 33

10,60 9.53 9.72
3.86 4,32 4.19
1.28 1. 13 1. s7
0.53 0.?0 0.6s
n 2< 0.32 0.12

0.0r 0.02
0. 13
0.05 0.05
0. 02 0. 0l

47.73 55.93
2.39 0.64

16.87 19.61
2.52 I.75
8.78 6.32
0.18 0. L3
5. 80 0, 50
8.64 3.53
4. 90 7 .75
1.99 3.67
0.6s 0.12
0.t4 0.19
0.02 0. r0

0. 09
0, 02

98.25

31
275
62r

7; 7;
78 56

2s8 L06
L97 227
362 195

1. 0s I. 06
339 331

99.96 99.65 r00.571 1oO.74r !.00,24

32
279
6S8

I4
450
800

50
tt:

200
300
,o:

66.2

540 540

68.7 59. I 5].2 53.4

CIPW Norms (Weight Percent)

7. 50
12. l0
20.7 8

9. 08
lI.t 7
1.46
8. 54

II.9O
2.24
6. t_s
4.82

l.r,
r. 12

7 .56 5. 58 9. 28
15.33 17.59 11.00
23.48 I9.59 27.74
9.39 10.28 13.35

10.44 9.52 6.78
2.47 t. 88 2. 83
7 .L4 6,79 3. 70
8.14 11.45 10.20
3.11 3. 50 8.60
5. 39 4.97 0. 33
5.70 5.13 s.lL
1.46 L.62 1.5I
- 0.30
0.3s 0.36 0.24

11.76 2L.69
20.6r 39.47
18. 16 7. 88
lL. 30 14. t4

8. 54 3. 69
3.44 3 .57
4.76 0.48
6.78 0. s4
5.40 4,46
3.55 2.54
4. s4 L.22

l.ut :.,t
0.29 0.29

98.25

28.7
63.2

99. 96 99 . 65 100 . 5? I 00 . 74 100. 24

32.3 34.s 33.5 43,7 75.3
60.5 52.7 71.5 46.8 16.6

llncludeE Bao-0.06.
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Explanation of Table 7.1. Analyses of rocks from the Balleny

noLcanic province.

I. 2459L. Basanite. Dredge salple, New Zealand Oceanographic
Institute (NzoI) Station 2208, aPProx' 3 kn northeast
of Sabrl.na Island. Collected by B. C- Waterhouse'

2, 24583. Basanite. Sabr{na IsLand' Approxinately I km north
of souttrernmost end. Collected by B- C- I{aterhouse.

3. Basanite (Porphyritic olLvlne basa'lt) ' off BaILeny Islands
670 09.6rs, 1630 27.7t8. Dredge sampte collected
2I/L/38 by DLscovery E:<pedition Station no' 22OO,

depth SfZ-Sgz trt. (Analysts. C. iI. EILiott, V. K. Din,
A. J. Easton). KerrSre, 4974.

4. Basanite (olivlne-trachybasalt), Borradalle Island'
(Analyst! A. P' Wlrmond), Mawson, 1950'

5. Nepheline hawaiLte (olLvlne-trachybasalt), Buckle Islarrd'
(Analystr R. B. Wllson), Mawson, 1950'

6, Phonolite (TrachydoLerLte). scott Island, about 3L5 sdles
northeast of Cape Adare, Victorla Land.
(Analyst: G. T. Prlor). Prior, 1907.
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TABTE 7.2 Analyses of rocks frorn The Pleiades, MeLbounre volcanic
provi-nce, Antarctica.

VttW No.
I

25679
45 6

25703
23

25682 25685 25664 25663
78

-cmass 25700

SiOe
TiOz
AlzO I
Fe20 3

FeO
MnO
M9o
Cao
NazO
Keo
Pzos
tl20+
Hzo-
TotaL

Rb
Ba
Jr
Zn
Cu
i{i
v
Cr
K}
K/Fb

a
Or
Ab
An
Ne
Ac
Ns
Di-wo
Di-fs
Di-en
Wo
Hy-en
Hy- fs
Fo
Fa
Mt
Hnr
II
AP
Otherg

44.26
3. 56

14.82
4. 01
8.70
0.20
7.2L

10. 98
3.80
L. 74
0. 78

48.44
2.85

16.t 9
5.11
5. 33
0. 20
4.72
7.82
4.41
2.33
0.89
0.20r

46.11 47.58
2.4L 2,96

14 . 35 16.97
3. 30 3. 53
8. 35 8.08
0.21 0.24
8. 94 3. sl

10. 04 8.15
3.84 5.80
1.48 2.67
0. 59 0. 99

48.93 49.26
1 .90 2.63

13. 55 16. L0
2. 51 4 ,67
8.86 6.49
0.19 0.20
8. 65 5.09
8 .16 8. 14
3.42 4.24
r.71 2.25
0.3s 0.73
0.95r 0.19

53. 1 49.46
2.75 2.01

17.0 18.01
3.79 3.90
5.27 6. 36
0. 21 0,24
3. 05 2. 8l
7.13 7.05
5. 14 6.72
3.11 2.80

o.7 6

100.16 99.62 100.48 99.49 99.19 99.99 100.552 100.12

40 37
356 416
795 745
96 97
52 50
78 190

252 185
194 3L7

1.44 1.23
360 332

62 53 7r
483 289 396
873 430 758
104 93 105
40 40 4L
30 121 45

r51 L42 155
32 324 94
l. 93 L.42 1. 87

311 268 253

73
555

I052
IL2
2t

6
1r5

I
2.22

304

80
650

1102
lII

30
13

2
2l
2.32

290

CIPW Norns (Weight Percent)

ri.zs
rJ-.t/
18. 24
11. I5

13. 00
3. 37

5. 51
2.i9
5. 8L

6. 95

].rt

i. tu r!. zs
16. 37 20.64
r7 .55 12. 38

2.'n ls. 41

1i. . 86 9. 01
3.17 4.04

l.rn !.,'

t 0. 11 2.82
4.51 2.66
4.78 5.12

it.58 5.62
1.37 2.29

6.46 9.03
L.22 2.94

:'" :.ru

7.25
1. 52

:"

3. 51 5. 00
0.81 r.59
0 . 95 0.19

ri'. ra rZ. ss
33.57 25.03
14. t3 10.7r
2.t, L7.24

8. 87 8.06
1.95 3.46

:'" l'"
0. 99 1. 87
0. 34 1.64

:'uo :.uu
5.22 3.82

: 1'76

rl.tt
30.95
L7. 50

:.nt

5.41
2. 06
0. 20

ri. ro rl .:o
27 .36 30. 98
16. 5? r8.25

9.'u ?.tu

4.97 LL.22 s. 36
1.4 3 6.54 1. 90
7.4L 3.64 6.77

Total 100.16 99.62 100.48 99.49 99.19 99.99

18.2 38. 3 45,9

t00. 55 100. 12

57.4 58.8D.I.
I0OAn
An+Ab

33.0
51. 2

33.8 51.8
5r.7 37. s 36 .1 37 .7 37. I 29 .6 30. 0

lLoes on ignitlon.
zTotal lron as FeO=8.58, Fezor calculated using same Fezog./Feo as the whole
rock.
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TABLE 7.2 Analyses of rocks from Thg. pleiades, Melbourne volcanic
province, Antarctica (continued).

VUV|I No.
9

255 58
r0 tt L2

2567L 25691 25690
13 14 15

25704 25661 2s675
16

t5f 62

SlO2
TiO2
A12O3
Fe2O3
FeO
MnO
M90
CaO
NazO
Kzo
Pe0s
HeO+
Hzo-
Total

Rb
Ba
Sr
ZrL
Cu
N1
v
Cr
KI
K/Rb

o
Or
Ab
An
Ne
Ac
Ns
Di-wo
Di-fs
Di-en
I{o
Hy-en
Hy-fs
FO
FA
MI
Hm
I1
Ap
Other
Total

D.I.
l0oAn
An-S'
Agpaitlc
Index

49. 83
2. 00

L4 .43
2.56
8.40
0. r9
7. 68
7. 81
3. 7s
r. 91
0. 38

5L.7?. 51.76
2,23 1".15

15.97 18.95
7.L7 4.39
3.26 3.86
0.20 0.25
3. 50 I.22
5,97 4.58
4.86 8.34
2.78 3.85
0.79 0.39

52.77 53.74
1.23 r.t7

19.I0 18.23
5.15 5. 16
3.45 4 ,24
0.25 0.2e
1.29 r.t3
4.72 4.82
8. 03 7 .47
3. 90 3. 35
0.41 0.48

55. 12 5s.26 55.36
L.29 L.26 1.31

17..19 L7 .s7 L7 .57
3.07 3,24 3.24
s.66 5.50 5.55
0.23 0.23 0,23
r.65 1.60 1.63
4.r1 3.96 4. 14
7.3r 6.88 6.59
3.52 3.61 3.53
0. s9 0.57 0.60
0. c0 0. 00
0.02 0.03

98.94 99.45 98,7s r00.30 100.07 99 .96 99. 68 99.88

60 80
324 587
4s9 782
87 101
47 27

1C0 L7
l3l 90
176 18

l. 59 2. 31
265 289

L26 L26
7 63 '145
97L 988
lr7 I01
12 13<4 <4
16 22
<5 <5
3,20 3.24

254 257

r0l 88
794 899

1050 543r31 rLo9 r.3<4 5
66<5 5
2.78 2.92

275 332

88 87
93s 914
513 637
L25 121
12 12<4 <5
48<5 <5
3. 00 2.93

341 337

CIPW Norms (Welght Percent)

ri.zg
29.66
16. 90

1.tt
8.08
2.68

1.rt

9.94
s. 93

:.rt
3. B0

9'rt

15.43 22.75
4L.I2 28.64
16. 28 2.93
- 22.72

3.42 5.30
- 2.03
2.95 3. 04
- 1.90
l.tu :
?." :
4.70 5.35
3. 93
4.24 2.18

1.83 g.ro

23.05 19.80
31.98 39.14
4.55 6.32

19.48 13.04

4.L7 5. l_2
0.51 2.tI
3.21 2.82

:'" 2-'"

7.47 7.48

2.34 2.22
9.95 l.tt

zi. ao zi. r: i.o,
41.52 43.I0 20.86
4.24 6.40 43.98

11. 01 :.rr :. ro

s.13 3.98 3.81
3.10 2.37 2.25

1.43 1.65 r.74
2. 36 2.63 2.72
4.4s 4.70 4.70

2.45 2.39

1." 1.r,
2.49
r. 39
0.03

98. 94

42.L

36. 3 28.4

99.45 98.75 100.30 100.07

57,6 74.L 74.5 72.0

99.96 99,68 99.88

73.3 72.6 7L.7

9.3 L2.9 14.59.3 L2.s 13.9
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TABLE 7.2 Analyses of rocks from The Pleiades,
province, Antarctica (continueil).

llelbourne volcanic

VUW No.
L7

25684
2L

2567 4
22

25683
r8 19 20

25670 25666 25667
23 24

25687 25665

S1O2
TlO2
AIzCg
Fe2O 3
FeO
l4nO
M90
CaO
NaeO
Kzo
Pzos
H2O+
Hzo-
rotal

a
Or
Ab
An
Ne
Ac
N5
Di-wo
Di-fs
Di-en
Wo
Hy-en
Hy-fs
Fo
Fa
Mt
Hm
II
Ap
Other

55. 50
r. 58

L6.97
2.7L
5. 38
0. 18
2.66
4. 98
6.28
3. 50
0. 55

55.58 55.81
L.29 1.66

17.6t 16. 58
3.41 3.77
5.44 4.18
0. 23 0. 16
r.55 2.98
4.09 5.04
5.51 s.35
3. 56 3. 52
0. s9 0.53

s7.10 59.04
L.22 0.88

18.52 17.83
5. 65 2.L5
2.5L 4.76
0. ll 0. 18
0.77 1.06
3 .20 3.O2
5.89 6.79
4.70 4.38
0 .67 0. 35

59 .79 59.94 s9.98
0. 21 0. 60 0 ,70

18.83 18. 19 L7 .67
3 .54 4. 03 5. 57
I. 89 1. 34 0. 98
0. 20 0.18 0. 17
0.16 0. s7 0. 75
I.34 2.r3 2.A7
8. 68 7 ,29 7 .09
5. 26 5,22 4.7 4
0.09 0.r7 0.24

r00.29 100.06

L28 87
600 9l_3
628 631
106 L25
23 L2
t6 <5
698
25 <5
z.gL 2.96

227 340

164 200
482 448
512 354
109 t4t
1? 24
245

143 65
24 10
2.92 3.90

r78 195

138 183
930 633
495 97
93 I15
138
<5 <5
00

<5 10
3.64 4.37

264 239

224 154
859 986
415 38 6
8r 90

68
<5 <5
8<4

<5 <5
4.33 3.93

193 255

99.s8 r00.34 100.44 99.99 99.65 100.36

Rb
Ba
Sr
7rn
Cu
Ni
v
Cr
K3
K/Rb

CIPW Norms (h'eight Percent)

7.78
20. 58
41. 56

2."
5. 57
2. 4I

:'"

2.56
2.28
3,93

3.00
L.27

7.86 r0.83
21.04 20.80
44.7L 45.27

:.or _

3.58 4.47
2.04 0.9r
!.tn :.tt
- 0.29
- I.01
1. 80 2.27
2.64 0.71
4.94 5.47

2.45 3.15

:'" 1.rt

16.zr ,.rn
27.77 2s.83
48.64 48.69

:'uu !',t
0. 54 3 .t2
- 2.22

:'nu -l'oo

1.02 1. ls
- 2.80
4.91 3.L2
2.26
2.32 r.67
1.55 0.8r

- L.49 2.39
3r.08 30.85 28. 01
4L.47 49.35 52.'70
14 .14 6. 68 3. 95

5. 18

2.27 1.54 2.L6
2.A5
0.40 I.42 0. 87

:'" i'" : 
"

2.s4 3.17 1.58
- r.85 4.41
0.40 1.14 1.33
o.2L 0. 39 0,56

Total

D.I.
10OAn
ln+-EF

Agpaitl
Index

r00,29 100. 06 99.58 100. 34 100. 44 99 ,99 99.66 100. 36

68.5

15.8

71. 8

ls. 0

0. 84

66. r 77 .L ?9.3 86.7 86.9 84.7

19.3 L7 .4 9.7 0.0 2.9 {.3
0.76 0.80 0.89 1.06 0.97 0.95
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TABLE 7.2 Anal"yses of rocks from The Pleiades, Melbourne volcanic
province' Anlarctica (continued).

23 26 27 28 30
WW No. 25702 2570L 25105 25695 257sq 25699

64. 35 54.56
0. 14 0. 15

16. 8s 16. 95
2.34 3.28
L.52 0.74
0.15 0. 15
0.08 0. 07
0.93 0.94
8 .26 7. 81
5.24 5. I8
0.03 0.02

29 31 32
25680 25698

SiO2
TiOe
AI20 3
FezOs
feO
MnO
Mso
CaO
Na20
Kao
Pzos
HeO+
Heo-
Total

CIPW Norms

a
Or
Ab
An
Ne
Ac
NB
Di-wo
Di-fs
Di-en
Wo
Ity-en
Hy-fs
Fo
Fa
!{t
t{n
I1
AP
Other

63.84 63.86
0.29 0.28

L6.52 16.59
2. 00 3. t2
2.88 1.65
0. 17 0.17
0.14 0.20
r.30 r.27
7.2r 7.46
5.32 5.35
0. 0? 0.07

64.83 65.1-6
0. 15 0. 1?

15.99 16.70
2. 33 4.06
2. 38 0.00
0 .23 0. 15
0. 05 0. 04
1.08 0.89
7.53 7.96
5.26 5.21
0.05 0.03

62.7L
0.4 6

17.55
1. 55
3. 2r
0.15
0. sl
1. 94
7 .02
s. 07
0.17

63.90
0. 15

t5.77
2.82
1. 12
0.15
0. 05
0. 95
7.5'l
5.12
0. 02
0. 45

Rb
Ba
5t'
zn
Cu
Ni
v
Cr
Kg
l(/Rb

1oo.3s 99.74 r00.03 99.07 99.90 99.8s 99. 89 100. 37

315 2s4 315
26 74 22
773

139 141 125<5 I <5
<5 <5 <5
<4 <4 <4
<5 <5 <5
4. 30 4.31 4.33

136 !72 L37

184 255
792 444
310 48
80 106
69

<5 <5
<4 <4
<5 <5
4,2L 4.42

229 I73

254 3L7 32L
445 20 L2
4943

tor r50 146
11 <5 <5
<5 <5 <5
<4 <4 <4
<5 <5 <5
4.45 4.25 4. 3s

17s 134 136

(welght

1.43
29.96
55. 56

3. 
ot

2.96
2,39

:'n
0. 38
1. 34

:.'u
0. 87

:."

Percent)

3r. 44 3r. 67
54.65 53. 65
0.38 1.00

1." :'t'
2.50 2.44
2.6A 2.1{
9.tt :.nt

:.oo : :
30.26 30.96 30.61
57 .'t5 54.41 51 .'12
- r.67 0.34
5. s5 6.i'l 6.82- t.ro
l. 33 1.84 0. ?5
l.3d L.92 0.53
0.12 0.14 0.r7
0.59 - t.!4

l. 18 0.35
3r. 08 30. 79
52.96 55. 89

6.74 9.22
o.72
2. l0 0.12
2.29
0.08 0. r0
- L.64
2.26
0. 07:

0.12
1.78

:.no
0. 5s
0.16

i. ot
0. 07

]'tu
0. 53

:.15

1. 3r.

0.2s
0. 05
0.45

i. oo

9' 
tt

0.27
0. 0?

l. 34

0. 28
0.05

- 0.87
0.28 0.32
0.12 0.07

TotaI

D.I.
I0 OAn
An+Ab

Agpal
Index

100. 35

87.6
2.5

0.97

87.0 88.7

0.0 0.0

99.74 100.03 99.07

86.5 85.3 88.0
0.0 0.0

1. 09 1.07

99. e0 99. 85 99.89 100. 37

85.2 88. 0

0. 0 0.0

tlc

0.0

1.0? I .14 t. 09 1. I 3 1.12
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ExpJ-anation of Table 7.2. Analyses of rocks from The Pleiadest

MeLbourne volcanic province, Antarctica.

1. 25679 Basanite. crater 4.

2. 25682 BasanLte. Crate:r 7.

3, 25685 Nephellne hawalLte. Crater 5.

4, 25664 Trachyandesl.te. Cone 4, south of Mt Atlas.

5. 25663 Essexite Lnclusion, Cone 4r south of Mt Atlas'

6. 25703 Trachyandesite. Northern sloper Aleyone cone.

7. 257O3G Glassy groundmass of above salqlle - electron microprobe
analysis,

8, 25700 Nephellne mugearlte. South flank of, small crater on
Taygete Cone,

9, 25668 Essexite LnclusLon. Eastern rfun of Cone l, Mt Atlas'

10. 2567L Trachyandesite. Dlke, west flank of Cone 3, Mt Atlas,

11. 25691 Nepheline benmorelte. DJ.ker Crater 2.

12. 25690 NepheJ-lne benmoreite. Crater 2.

1.3. 25704 Nepheline benmoreLte. Crater 1.

L4. 2566L Nepheline tristanLte. glestern base of Cone 2r Mt Atlas.

15, 25675 Tristanite, Southwestern flank of Cone 2, Mt Atlas.

16. 25662 Tristanite. West base of Cone 2r Mt Atlas.

L7. 25688 Tristanite. Cone 6.

I8. 25670 Tristanite. Norttr side of Cone 3' Mt Atlas.

19. 25666 Tristanite. Surunlt of Mt Atlas.

20. 25667 K-trachyte. Northeast of sr:suritr Mt Atlas.

2L. 25674 K-trachlte, Southwestern flank of Cone 2, ylt- Atlas'

22. 25683 PhonolLte. Cone 7.
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23. 25687 K-traahyte. Cone 6.

24. 25665 K-traehyte. cone 4, souttr sf Mt Atlas.

25. 257O2 K-trachyte. Suffid.t Alel'qtle 'cone,

26. 25VOL K-triaehyte. Sumd.t A1elone Oone,

2?. 25?OS K-traclryte. West. sLde of Crater 1.

28. 25696 Feratrkaltne K-t-rachyte, No:rttr slde of faygete Cqle.

29, 257O6 PeralNratiae K-tractryte" Souttlrest fla$k of Eaygete'Cone,

30. 25699 Penalkallne K-t-nachyte" Southsest sidle of Taygete Gone.

31. 25690 PeralkalLne K-traclrlt'e. Crater 4'

32, 25698 Peralltallne K-trachyte, Southwest sLde of Tayget-e C-9n6.



3&2 -

{I, 3,7 42,76 { 9 
" 
5,? 56.r89

3,55 3,17 2.42 1.15
I{.f8 n.72 U.5c LB:,,7.4
3.02 3. 63 10.,819, 6.29

58.57
0.80

18.93
5.20

14
397
772

97
59

r.2{
27,6
204

1.59
361

50 6'I L29 L47
486 444 801 908
86'3 924 8O7 71,1
81 t07 88 90
7033L49

1{7 21 5 <5
262 95 28 1{
3093475

l.4t 1.93 3.14 3.51
282 316 243 239

11.29 10.05
2.3L 3.89

I?.12 16.2r
15.03 t4.44

13.40 15.'83
3.62 3.27
8. 8,2 Ll. t9
8.69 ?.85
3.93 2.52
{.38 5.26
6.?{ 6.02
I.s5 I.76
0.40

13.71 22.34 25.00
32.52 47.79 50.95
16. 62 9,. 90 8.55

7 t23 4. 82 3.65
4.52 2.08 1.t18
,2.08 0.8,3 0.52
2.32 1..1-6 0,.98
4r?6 r,,68 0.95
1,72 1.33 0.62
3.62 3.52 3.62
4.60 2.,I8 1.52
2.39 0.97 0- 60
0.08 0.17 0.55

l0OAn
An+Ab

97.06

28,6

88.1

98. 29 99. I7 98 , 8t8 98 . 90

28,{ 53.5 ?5.0 79.7

80.5 33.8 r1.2 I4.4

lE.o

ItrBIE ?.3 A4glyser qf volcanie rocks froq l4t overlo:rd, Hebb
N6v6 and Vlc€ony ?Iateau, Uelboqrrre vo..treante
St,rottnoe.

L23'l 525708 P3€9Ss a5?rs 25?re a5?20

sios
Tlor.
A126 3
Fe2O g
F-€O

ltuo
$so
CaO
NaeO
Kao
Paos
foaE
Total

Rb
BN
Sr
Zrn
Cu
Ni
v
Cr
Kt
rAb
ldg No.

or
Ab
AN
NE
Dl-llg
Di-fs
Dt-ea
Fo
8a
ut.II
AP
.Othete
!otal
D. ft

,51. ? 63. 9 44 ,9 35, 6 29.6

CfFW Norus (l{etght P.ercent,)

9.10 1.510.1,9 0.20 0,2r-. 0.14 0.138.52, 8.99 3.66 1.43 0,90
10. 80 r.:... 91 6" 89 3..55 2.7A3.,55 3.61 5.42 6.70 6.A2tr'91 I.70 2.32 3.7'8 '1.S30.67 0.76 1.03 0.42 0.260.20r o.os 0.17 0. ?5
97.,06 98.2g IO0.01 9,9.26 99.17
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E:rplanation of trable 7.3. Analyses of, volcanic rocks from

tilt OverLord., lfebb Neve and Victory Flateau,

!{eXbouqre volcar,rlc provlnce, Antaretica.

I. 25709 Basanilte. ScorLa cg,ner western Webb Ne\tef 1600 El.o.S,'l,

2, P34988 Basanlte, l{alta Ptrateau, $Lctoria Mountains'
Collected by F'tddolls and Eancox (1963).

3. 257L9 Hawailte. ldt Overlord.

A, 25VI9 TrlEtanite. Mt Overlord,

5. 25720 Trlstanite. Mt Oveglord.
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TABLE 7.4 Analyses of volcanic rocks from Mt l,lelbourne.

I
2571 3

234
P34913 P3s582 257L4

578
257L2 P34911 P35581

5
257L5

SiOe
'IiO2
A1203
Fe203
FeO2
MnO
ugo
Cao
Na2O
Kzo
Pzos
H2O+
Hzo-
s
F
-O=F
Total

a
c
Or
Ab
An
Ac
Di-wo
Di-fs
D1-en
Hy-fs
Hy-en
Mt
I1
F1
Ap
Other
TotaI

D.I.
l0OAn
ffiAb-

55. 05
l. 63

15. 6{
10. 98

0.22
1. 60
4. 68
a. lo
3.26
0. 63
o.oor

55. 4
r. 60

L7.6
0.5
8.2
0. 23
2.1
5.0
3.2
2.0
0. 71
0.14
0. 06
0. 05
D.22
0. 09

58.2 50. 85 64 . 18
0. 94 0.86 0. 33

l7 .2 15.55 15. 32
r.6 9.22 6.41
7.2
o.22 0.22 0.16
1.3 0.51 0.02
3. 6 3. 51 r.18
5.2 5.18 6.52
3,7 3.59 5.13
0.37 0.22 0.03
0.17 0. 00 1 0. 42 1

0. 15
0. 02

6s.06 6s.2 68.7
0. 4t 0. 38 0."t9

Is.35 15.0 10.1
5 .02 2.4 2. 3

3.2 r.0
0. 17 0. L7 0. 05
0.10 0.7 I.1
1.66 1.7 2.6
5.94 4.6 3.1
4.82 3.7 1.6
0.05 0.09 0.30
0.18r 0.56 2.23

0.06 0.75
0. 03 0. 03

7.0
2.9

99.96 97 .92 99.87 99.83 99.70 99.76 98.70 98.75

Rb
Ba
Sr
7,n
Cu
Nt
v
Cr
B
c1
Kt
K/ru

91
682
484
L28

10
<5
I

a:

2.7L
298

130
1570

100
144

5
<5
<2
a:

4. 00
308

130
1000

70

90 B0
500 1000

1000 800

r08 L42
852 79
{05 4
150 r75

74
<5 <5
00

': ':

2.98 4.26
276 300

65
400
600

< !o;
<50

. rog

<lo;

e20
<100

< ro; < ro;

c50 <20
<100 200

: "':

CIPW llorms (Weight Percent)

0. 04

L9.26
44.51

2.nn
l.04
2.97
L.23
6. 69
2.76
3.62
3.10

1.4 6

13.33 0. 89 7.L2
3. 37

11.82 21.86 2L.2L
27 .08 44. 00 43.83
18 . s5 12. 66 :. rO

- 1.16 3.08
- 0.94 2. 80
- 0.28 0.53

t2..t3 9.81 5.23
5.23 2. 9 5 0. 99
0.72 2.32 3.62
3. 04 1. 78 1. 63
0.45
1.64 0.85 0.51
0.25 0.24

4 . 05 8.45 L8.22
1.55

30- 32 28.48 21.86
50.24 50.26 38. 92
- 0.98 7.85
4 .14
2.36 2.89
2.65 2.99
0. 02 0,22
2.74 0.40 3.58
0.02 0.03 1.7{
1.45 ?,52 3.{8
!.r, :.rr 2.r,
0. 07 0.12 0.21
- 0.18 0. 65

99. Il
63.8
17. s

97 .92 99.87 99.15 99. 31 99.41 98. 79

84. 6 87 .2 79. 0
r.9 16.8

52.2
40.7

56.8 72.2
22.3 16.4

llosg on ignltion.
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Explanation of Table ?.4. Analyses of rocks fron Mt Melbourne,

Melbourne nolcanl-c province, AntarctLca.

1. 25313 Quartz trachyandesite. SmaLl crater on souttr rim of
surnmit caldera.

2, P349L3 Quartz trachyandesite. (Classy trachyandesl-te) - Snall
cone on the east side of the maln crater. (Analyst:
InorganLc Section, Chemlstry Division, D.S.I.R. ) .
Nathan and Schulte, J.968.

3. P35582 Quartz trLstanite. (Feldspattric trachyandesite). Sea
cLlffs near the Adelie penguln rookery, (AnaLyst:
Inorganic Section, Ctreuristry DivLsion, D'S,I.R.) .
Nathan and Schulte, 1968.

4, 253L4 Quartz tristanite. SuraLl parasitic cone on nortlr
flank of nountainr J.900 m.

5. 25315 Quartz K-trachyte. Outcrop north of small parasitic
cone on north fLank of mountain, 1800 m.

6. 253L2 Quartz K-trachyte. Cliffs in ttre surm.lt caLdera below
suufiult,

'1, p3491I Quartz K-trachyte. (Trachyte). cllffs in the sumnit
caldera below suwnit. (Analyst: Inorganic Section,
ctremJ.stry Division, D.s.I.R.). Nathan and schulte' 1968.

B. P3558I. Hydrothenally altered trachyandesite scoria' northern
slde of the volcano near the swnuit. (Analyst:
InorganLc Sectlon, Cheuristry Division, D.S.X.R' ) .
Nattran and Schulte, L968.
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TABLE 7.5 Analyses of volcanlc rocks fron Cape Bird and
Mt Bird, Ross Island.

L234
P23044 P23023

567
P23048

slo2
Tio2
Al20 3
Fe2O 3
Feo
MnO
Mgo
caO
NazO
Kzo
Pzos
H2O+
Hzo-
coz

Total

Rb
Ba
Sr
Y
Zr
Zn
Cu
Ni
v
Cr
KT
K/Rb

c
Or
Ab
An
Ne
Ac
Di-wo
Di-fe
Di-en
t{o
Fo
F3
It{t
H[l
I1
Cc
Ap
Othere
Total

D.I .

10OAn
6TA5

33
s60
950

24
490
104

63
170
190
360

1.63
493

II2
750
640

37
950
]-24

30
t2
43
1.0
3.70

311

42.6 43.2 44.1 48.26
3.7 3.9 2.70 0.8S

14. I 14.5 14. 5 22 .67
s. 7 6.7 3. s7 3.22
7 ,8 6,3 8.77 4 . s6
0. 3 0.3 a .22 0. 11
6.15 6.s 8.71 3.73

11.7 11.45 9 .07 8. 68
4.3 4.0 4.45 4.03
0.95 1"8 1.96 2.1s
0. 4 0.4 0. 71 1. 01
1.16 0.60 0.15 0.32
0. 52 0,22 0. 04 0. 30

0. 03

52.54 53. I 55. 0
L.44 1.25 0.70

19.41 L7 .2 19.6
2.90 5. 8 3. 79
s. 3l t. 9 2.04
0. 23 0,25 0.12
I . 9r. I. 50 1.17
4.60 4.4 3.6s
7.50 8.25 7.76
3.49 3.85 4.46
0.26 0.35 0.23
0.16 4,28 0.43
0. 08 0. 12 0. 38
0.20 0.06

99. 38 99.87 99.08 99.92 r00.03 99.05 99.39

CIPW Norm (Weight Percent)

5.61 10.64 11.58
1r.77 9.52 10.63
16.36 L6.29 14.07
13.34 13.18 L4.64

16.31 15.82 10.90
3. 11 0. 13 3. 00

11.73 13. 58 !.rn
2.52 1.83 10.20
0. 73 0.02 4.?2

:.t. :.rt :.tt
7. 03 7 .4L 5. 13

0. 07
0. 93 0. 93 1.64
1. 68 0. 82 0.15

0. 35
L2 .7 0 20 .62
27 .65 31.82
36.46 I . 99
3.{9 17.14

- 4.54
- 2.39

: 1''o
6.51 I.86
3.45 2.33
4.67 4.20

l. 67 2.74
- 0.46
2.34 0.60
0 .62 0 .24

22.75 26.36
34. 54 35.91
- s.48

t?.60 L6.L2
2.44
4. 61 3. 3?

3.98 2.9L

:.ru l.tt
3.32 4 .94
2.67 0.38
2.37 1.33
- 0.14
0. 8l 0. 53
0.40 0.8t

99. 38

30. 7

58,2

99.8? 99.08 99.92 100.03 99.05 99.39

33.3 36.8 43.e 59.6 74.9 78.4

63.1 s7.0 56.9 22.0 0,0 13.2
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E:rplanation of Tab1e 7.5. Analyses of volcanic rocks from Cape

Bird and Mt Bird, Ross Island, Antarctica.

p23O44 Basan-ite. r3O ft basalt florr in cliffs adljacent to
Caughley Beach, approximatety I nile souttr of northern
penguin rookery. ColLected by H- J. Harringrton.
(,AnaLyst: l{rs M. G. Rundle) r. CoIe and Ewartr L968.

p23O23 Basanite. rBasalt flow at top of scree slope leading
to sumit of Alexander HilJ., from cLiff at southern
end of Rorianes Beach. Collected by H. iI- Harrington.
(analyst: lilrs M, C. Rrxrdte) t. Cole .and Ewart, 1968.

. 3, Basalite. Su!@it of Mt Bird, Ross Island. Goldich et a7. ' L975.

4. ALkali basalt. (Kulaitic basalt). (Analyst: G' J. Burross
and A. B. Walkorn). ilensenr I9L6- It would aPpear as if
ttre Tio, and Alro, anralyses are in error- Ttre TiO, is
too low'and the'aIro, is excessively high.

5. Nepheline bennoreite. (Phyrohornblencte traclryte). (Analyst:
G. iI. Burrows and A, B. Walkon). ifensen, 1916.

6. P23048 Nepheline benrnoreite. rcore of small traehyte PIug,
150 yd east of Trachyte HilL. collected by B. J. Harrington.
(Analyst: l{rs M. G. Rrurd"Ie) t. Cole and Ewart, 1968.

7. Phonolite. Mt Bird, Ross Island. C'oldich et aI ., L975.
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TABLE 7.6 furalyscs of volcanic rocks frocr Cape Crozier, iloss IsLand.

I
229i0

3
22977

4
22964

578
22954 P229ttL 22! <l

9
22958

l0

42.TL
4.01

15. 05
4.08
8.96
c. 2l
6.9?.

11. sB
3. 78
L.42
1. 12

43.47 43.54
3.28 2.84

12. 85 14.08
3.18 3.20
9.67 B.16
0. 19 0.2I

11.78 9.33
10.60 11.05
2.93 4.5
1.09 1.55
0. 58 0. 90
0. 07
0. 00
0.09

43.60 44.0
4.Q7 2.83

I4.28 L4.2
2.97 3. 12
9.58 7. 38
0.20 0.19
7. l0 10. I

10.35 10.5
3.73 4. 38
1.83 L.77
1.11 0.65

0.23
0. 0?
0. 02

44. s0 44.5 45. 53
3.{8 3.75 2.95

L5.27 Lr.1 L7.\2
4.43 7.25 5.08
7.4L 5.2 5,76
0.20 0.11 0.23
6.82 6.55 3.87

10.69 I1.9 8.22
4.05 3.05 4.3
L.82 1.60 2.74
0.85 0.38 L.37

0.22 2. 062
0. l6

46. 35 47. 40
3. t8 0.63

1,7. 09 20 .27
6.67 5.38
{. 63 5.48
0.23 0.I?
4. 38 2.94
8.97 7 -5.)4.65 3.?tt
2. 36 2.7 3
1. 05 0.85

a.232

S1O2
Tio2
A12O 3
Fe203
FeO
l4nO
M9o
CaO
Na2O
Kzo
Pzos
!trO|
Hzo-
coz
TOTAI

Rb
Ba
Sr
Y
Zr
Zn
Cu
NI
v
Cr
KI
K/Rb

U9 No.

99.24

27
339

L264

95
44
56

3U
121

l. 18
437

54. 5

30
34I

lt51

r.0 5
50

. 74
266
186

t. 52
507

s5. 9

35
450

L228

l0l
49

11s
249
245

1.33
380

s5. 0

45
55r

1893

423
L27

33
l,l
9s
L7
2.27

504

45.0

99.80^ 99,36 98.82 100.14 99.52 r00.67 99.23 99.59 99.45

26 49
280 395
840 995

31
290 304
112 92
57 54

2LO 156
280 236
760 390

0.90 1.29
354 263

67 .2 64.9

56 3.1

5I0 467
950 1203
3t

330 302
78 92
41 68

170 98
2r0 227
430 199

1.45 1..5I
262 ,i4f

69. 8 56.7

5I
s30

L426

385
110

26
26

206
56

1. 95
384

47 .4 38.4
CIPW Norns (Weight Percent)
Or
Ab
An
Ne
Ac
Di-wo
Dl-fs
Di-en
9lo
Fo
8a
MT
IIm
II
AP
Othere
Total

D. I.
I0oAn

An+Ab
Agpaitic
Index

8. 39
9 .25

19. 90
L2.32

L2.62
3. 33

:'"
6.2L
2.72

:,,,
7.62
2.60

10. 46
{. B3

r3. 85
I7.4 6

14. 14
2.54

10. 28

11. 64
3. l8
4.52

10. ?6
13. 57
tB. 11
11.21

12.26
2.37
8. 30

5.7 4

1. 70
6.42

2. 88

6.46
2.22
6. 04
2.43

3. 32
2.45

l'ro
1.20
L.97
0. 23

6.44 9.16 10.8r
10.90 6.04 13.03
18.69 13. 64 16.82

!.s2 17.3s r0.04

L2.2L L4 .7 4 11. 39
2.87 3.49 3.55
4.3? 10.08 7.L4

L4,70 9.22 7 .39
5.56 3. s2 4.05
4.51 4.64 4. 31

9.46 r6.L9
15. r1 23.97
24.12 19. 32

:.40 9.73
13.42 5.22
- 0. ?9

11.59 3.92

3.31 4.01
- 0.B9
6.25 7 .37
2.94

13.95 16.13
23.66 2L.26
18. 79 2I. 30

9.50 1{.sa

7.87 4.51
- 1.?3
6.80 2.58

6.23 5.39 7 .73 5.38 6.61 7.L?
1.34 2.OS 2.57 I.51 1.9? 0.88

- 0.35 0. 34 - 0. 38

5.60
3. 17
2.06

99.24

30. 0

58.3

99.80 99.35 98.82 t00.14

24.9 32.6 33.9 32.8

63,2 69.3 s6.3 74.2

99.52 I00.67 99.23 99.59 99.4s

35.5 30.4 46.9 46.1 52.4

57.2 61.8 44.6 44.3 50.r

lTncludes F-0.04, less O=F*0.02; 2loss on LgnLtlon.
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TABLE 7.6 Analyses of volcanic rockg from Cape Crozier (contlnued)

11 L2
22962 P22984

t_3 14
P22973 P22974

t5 16
P22986 P2297L

r7 18
P22985 "

19 20
22952

SiO 2
Tio r
A1 z0g
FezOg
FeO
MnO
Mgo
caO
NaaO
Keo
Pz Os
HeO+
Heo-
coe
Total

Rb
Ba
Sr
Y
Zr
7rn
Cu
Ni
v
Cr
K8
K/Rb

131
568
626

146
514
Is6

L32
690
r54

L42
s93
143

134
928
481

54.28 57.04
0.84 0.25

20.01 L9.79
2.25 4.76
3. 04 0. 17
0.21 0.210.98 o.rs3,26 r.29
8.45 9.3
4. 81 5.72
0.27 0.04
L.222 0,872

57.07 57.16
0.38 0. 38

20.02 20.03
2.88 4.93
2.L2 0. 2 0
0.22 0.22
0.12 0. t7
2 .04 L.7 6
8.65 8.6
5.43 5.40
0.05^ 0.05"
0. 5l' 0.94''

57.2 5?.40
0,25 0.29

J_9 .6 L9.92
2.75 3. 60
2.2s 1.30
0. 05 0.20
0,50 0.17
1.85 1.57
8.25 8. 5
s.85 5.83
0. c3 0. 0s"
0.36 0.63'
0. 36

57. 95 58.27
0.40 0.42

20.43 19.38
3.43 3.67
1. 35 1. ?8
0.07 0.22
o .26 0. 41
1. 90 1.95
8.32 8.1
5.96 5.15
0. 07 0.12-
0.39 0.45'
0.23

57.79 57.9
0.27 0.44

L9.7 4 l_9 .6
2. 50 5. i.6
2.34 0. 58
0.20 0.21
0.15 0.44
1.57 2.L7
8.2 8.I8
5.79 4.97
0. 06 0. I1
0. 512 0.0r

0.03
0. 04

99.62 99.59 99.59 99.75 9s.30 99.46 99.13 99.e4 100.76 99.93

813 813
L26 rr8
297
l0 <5
360
22 <5

3. 99 4 .75
304 325

130 L29
1306 1393
512 538

7r3 708
113 r07

88
<5 <5
00

<5 <5
4.51 4.48

347 347

78r
r05 104

77
<5 <5

00
<5 <5

4. 86 4.84
358 341

136 L25
65s 990
163 520

26
754 580
107 1i.1

625<5 <r0
0 <10

<5 <5
4.8r ,l .12

354 330

789
105

7
<5

0
<5

4,28
3r9

CfPW Norms (Weight Percent)
Or
Ab
AN
lile
Ac
Di-wo
Di- fs
Di-en
Wo
Fo
Fa
Mt
Hm
II
Ap
Otherg

28.42
28. 8l

2 .46
23.13

4 .99
2. 60

:.t,
0. 08
0.10

1."
r. 60
0. 53
I.22

33. 80 32.09
29.60 35.96

2I.86 l-9.93
7 .7L 0.4 0
0.43 1. 59
- 1.41
0. 37 0. 30

:.tt 3.uo

0.5r 3.98
1.74
0. 'l I 0.72
0.09 0.12
0.87 0.51

31. 91 34. 57
38.72 32.50
0. i0

18.45 19.37
- r.38
0.49 3.14
- 1.93
0.42 I.24
:." :'rt
0.16 3.30
4.85
0.72 0.48
0. 14 0.07
0. 84 0.72

34 .45 34 .22 29 .37
35.58 35.84 4'r.20

2.08
18. 55 17. 58 14. 09
1.69 0.08
0.49 2.38 L.27
- 2.18
0.42 0.40 1.I0
?.ut g.rt l.rt
4. 00 3. s9 1.28
0.26 - 4.28
0. 55 0. 51 0. 84
0.12 0.14 0.26
0.63 0.51 0.13

35.22 30.43
36. 03 43.73
0.80 r.3I

L8 ,62 13. 44

0.75 1.18

i. ru i.ot,-.u, 1.tt
3.42 5. 2l
I.07 0.06
0. 76 0. 80
0.16 0.28
0.62 0.46

Total 99.62

D. r. 80. e

10OAn
ffiE-- Icr

Agpaltlc 0.96
Index

99.59 99.s9 99.75 99.30 99.46 99.13 99.84 100.76 99.93

E5.3 88.0

0.0 0.0

89.1 86.4 88.7 88.6 86.7 89.9 87.6

0.3 0.0 0.0 0.0 4,6 2.2 2.9

1.09 1.00 1.00 1.02 1.02 1.00 0.96 0.99 0.98
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E><planation of Tabl-e 7.6. Analyses of volcanic rocks from Cape

Crozier, Ross Island.

1. 22970 Basanite. I km northeast of Post Office HilI.

2. Basanite. Younger sequence, Cape Crozler. Goldich et al., 1975.

3, 22977 Basanite. Coastal cliffs 1.5 km south of, Discovely II poJ.e.

4, 22964 Basanite. Scoria cone, 3 kn NNE of The Knoll.

5. Basalite. Older sequencer CaPe Crozier, Goldich et al,., Lg':s,

5. 22954 BasanLte. SmaIX fLow on southwest rim of The Knoll-

7. P22981 Basanite. Flow on north rirn of The lholl. Collected by
H. J. Harrington. (Analyst: Chenistry Division, D.S.I-R-) -

8. 2296L Hawaiite. Flow, 5O m west of sr.rmnlt of Topping Peak.

9, 22958 Hawaiite, Western base of KyIe Peak.

10, Basanite. (Hornblende basalt), Foot of Mt Terror. (Analyst.
G. T. prior), Prior, L9O2. TiO2 is J.ow and A12O3 is high
and appear to be in error.

11. 22962 Kaersutite phonolite. Dike west of Topping Peak sunnit.

12. P22984 Pyroxene phonolite. tl00 ft below the top of the trachyte
lrcone" (KyIe Cone) between The IGrolL and Mt Terror about
2l rrlles west of The Knollt. collected by H. J. Harrington.

13. P22973 Kaersutite phonolite, rFlows from north side (seaward)
of Post office HiLL, 500 ft bel,ow sunnitr. collected by
H. .1. Harrlngton.

j4, P22974 Kaersutite phonolite. As for P22973. Collected by
. iI. Harlington.

15. P22986 Pyroxene phonolite. t$ea cliff southwest corner, The
Knollr. Collected by H. .f. Harrington. (Analyst: Chenistry
DLvLsionr D.S.I.R.).

16. p1zg7L pyroxene phonolite, tTop of crater rim, The Knoll on north
slde at 11OO ftr. Collected by H. J. Harrington'

L7. P22985 Pyroxene phonol-ite. As fox P22986. Collected by
H, J. Harrington,

1,8. Kaersutite phonolite. Post Office HilJ., Cape Crozier. Goldich
et aJ,., 1975.

L9. Phonolite. (Phonolltic trachyte) - Cape Crozier. Prior, 1907.

20. 22952. Kaersutlte phonolite. Southeast of Post Office Hill'
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TABLE 7.7 Anal-yses of rocks from Hut Point Peninsula.

3
22884

sio2
TlO2
A1203
Fe203
FeO
UnO
Mgo
Cao
NazO
Kzo
Pzos
E2O+
Hzo-
coe
Total

Rb
BA
Sr
Zn
Cu
Ni
v
Cr
Kt
K/Rb

!'tg No.

39 .78
0. 07
0. 28
2.73

r0. 51

45.29
tr
0. 45
0. 05

0, 29
0. 2I

41.64
4 .36

r3.80
7 .93
5. 41
0. l9
8. 78

11. 15
2.1.4
r.40
0.96
0 .41
0.62
0. 05

41.98 41.3s
1.10 4.L6
4 .00 ls.21
4.L7 3.35

10.52 9.08
o.22

27,L7 s.40
9.62 9.7L
0,47 4. 18
0. 03 L.92

1.46
n lo:':; 2.70v. zJ

0.10

.u.. 56 41.55
4. 54 4 .50

rs.50 15. s5
13.48 13. r0

0. 21 0.20
5. 83 5. 8l
8,76 8.90
4.L2 3.77
1.90 1.78
1.00 1.01
2.563 3.203

41,78 42.10
4.58 4.93

15.72 14.87
13. 55 3.26

9.76
0. 2t 0. 07
6.07 8.88
9.34 r0.63
3.?5 3.20
1. 79 1. 80
r. 00 0.58
1.673 0.12

0. 1I

r00.11 I

88.4

99,992 98.84

40
397

L347
1r0

30
13

224
L7

1. 59
398

80.6 49.4

99.46 99.38

22
348

1133
104

33
3l

267
26
r.48

673

51. 2 51.8

100. 6l'r 99.47 100.31

60,s s2.1 60.4

CIPW Norms (Weight Percent)

Or
Ab
An
NE
Ac
Di-wo
D1-fg
Di-en
Vilo
Fo
Fa
Mt
Cm
Hm
rl.
Cc
AP
Other6
Total

D.I.
10OAn
ffiTEE'

llncludes cr2o3=0.44 t
flncludes SOr=1.79.

0.18 11.3s
2.62 13.14
8.72 L7.07

2.'o L2.04

L6.29 8.74
2,46 2.94

12.2I 5.32

38.87 5.70
8.62 3.48
6.05 4.86
0.75

2.09 7 .9A
- 0.23
- 3.38
0.42 2,7 0

r1. 23 I0. 52 8.27
L2.45 14.32 L5.72
18.19 20.25 23. 9I
12.14 9.52 1.29

7 .82 7 .23 10. 38
3.10 2.76
4 .40 4.14 8,97

7.09 7 .24 9.04
5.49 5.31

:.ro :.ro 2.n,
4 .19

8.62 8.55 8.29
0. 1.1

2.32 2.34 2.22
2.56 3. 20 2.7 9

10. 58 r0.64
1.2.32 5 .7 4
20.73 20.89
10.56 Ii. s6

7 .96 1l .71
3.08 2.65
4.54 8. tl
7.4L 9.92
5. 54 3. 53

?.to !.,t
8.70 9.36

i.t, i.ro
L.67 0.23

99. 99 98.84 98. 31

3.5 36. 5 35.8
7 6.9 56. 5 59. 4

2lncludes Cr2O3=0.51;

98,27 100. 51 98. 32 100. 3I

34.4 25.3 33.5 27.9
58.6 60.3 62.7 78.4

3Loss on ignition;
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TABLE 7.7 Analyses of rocks from Hut Point Peninsula (contlnued).

10 11 L2
22887 22879

13 14
22899

15 16
22896

SiOz
TiO2
A120 3
Fe203
FeO
MnO
M9o
CaO
Na2O
Keo
Pzos
H2O+
Heo-
coz

Total

Rb
Ba
Sr
Zn
Cu
Ni
v
Cr
KI
K/Rb

Mg No.

Or
Ab
An
Ne
Ac
Di-wo
Di-fE
Di-en
Wo
Fo
Fa
Mt
Cm
Hm
I1
Cc
AP
OtherE

Total

D.I.
l0OAn
frTE5'

42.L4
4 .90

14.95
2.90
9.7L
0. 12
9 ,47

10. 32
3.27
r. e0
0. 40
0. t5
0. r2

42.49
4.63

15.98
r4 .06

0. 2L
5.36
9.24
3.51
r. 78
1.01
l-. 52 3

42.70
4.25

rJ. b.r
3.76
9.10
0. 18
9.15

10. 87
3 .49
t.74
0.85
0. 09

42.8r
4.63

15. 96
13.74

0.22
5. 93
o ?q

3. 90
1. 93
l. 03
0.383

42.5L 42.5L
4 .26 4.54

13.?8 15.58
2.62 2.72
9.86 9,94
0.19 0. 20
8.73 6.42

10-86 8.90
3.54 3.79
L.7 6 r. 67
0.87 1.02
0.20 2.30

43. 15 43. 30
4.09 4.1s

12. 33 15. 10
4.66 3.52
9. s6 9.52
0. 19 0.21
9.0s 6.78

10.75 9.97
3. t 7 4.L2
1.57 1.6r
0.82 1.30

3: l3 o.2s
0. r0

100.25 100.89 99.18

33
32L

1004
90
s2

L25
304
275

l. {6
442

62.7 s2.3 60.9

99.69

30
333

114 0
111

57
57

282
A7

1. 39
463

53. r

99.81

32
320

1015
93
52

L26
309
282

L. 44
450

6r.5

99.88 100.14"

51.2 59.0

99 .87

33
366

1238
r09

37
53

244
104

l. 34
406

53. 9

CfPW Norm (weight Percent)

10. 54
4. 68

20. 80
L2.46

11.60
2.58

:.ou
10.88
3.8s

:.'o
9. 31

o. ,t
0.28

7 .s7
4.01

:..0

10. s2 10,40
13.80 5.33
22.L4 16.51

:.0t 12.80

7 .L4 13.23
2.81 3.58

1.on :.r.
8.27 9.19
5. 3d 4.31

:''o :'to
8.79 8. C9

i.tn i.o,
L.52 0.20

9.87 r0.28
r7.02 7.57
20.->7 16.33

3. 
tu 11. e0

5.80 13. 35
2. 30 2 .84

1'rr :.,t
8.31 9.40
5.09 3.14

:''o :'nt

8.62 8 .09
0.23
2.36 1.99
2.30 0.09

L1. 40 9. 28 9. 51
13.10 rr.90 ls.36
20.34 14.78 L7.95
10. ?8 8.08 10.56

8.06 13.86 9.6r
3.22 3. r0 2.92
4.52 9.62 6.08

7.18 9, 06
5.63 3.22
2.90 6.76
- 0.04

?.rt !.r, l.rt
2.39 l. 90 3.0I
0.38 0.77 0.29

100.26

27.8
8r. 6

99.68 99.r8

33,4 29.5
61. 6 7 2.3

99. 69 99. 81 9S.70 100. 14 99.87

3s.0
54.7

29.7 35.3 29.3 35.{
68.3 60.8 55.4 53.9

5Includes Cr2O3=0.03.
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TABLE 7.7 Analyses of rocks from Hut Point Peninsula (continued)

2T19I8L7 20
25793

LZ 23
22888

sio2
Tio2
A12O 3
Fe2O 3
FeO
MnO
Mgo
CaO
Na2O
Kzo
Pzos
H20+
Hzo-
coz
Total

Rb
Ba
Sr
Zi
Cu
N1
v
Cr
KC
K/Rb

Mg No.

Or
Ab
An
Ne
Ac
Di-r{o
Di-fs
Di-en
Wo
Fo
Fa
l'tt
Cm
Hm
II
Cc
AP
Otherg
IotaI
D.I.
10OAnEffi'

43.55
3.85

15. 37
3,06
8.7r
0. 18
8.16
9 .48
4,23
2.L7
0. 93
0 .44
0. 21

43.7
3. 64

11,9
1. 89
9. 04
0.19

L2.9
10.0

3. 52
L.28
0.82
0.19
0.0r
0. 0t

55.47
L,32

20.67
2. 83
1.86
0. 02
1.43
3.43
8.33
4.86
0. 03
0.L2
0. 08

55. 9
0.76

20. 5
2.65
1. 58
0. 20
0.87
2.98
9 .04
4.26
0,17
0. 35
0. 04
0. 01

56. 89
0. 56

20,82
2,37
1.16
0. 17
0. 56
2 .33
9,70
4.83
0.13
0. r2

43.92 54.82
4 .19 r. 16

L7.42 20.4L
4.09 1.99
8 .83 2.52
0. 09 0.18
4 . 89 L,24
9.53 3.46
4 .60 8. s0
2.r7 4,57
0. 67 0 .26
0.11. 0.493
0.05

r00. 35 99.09 r00.s7 99.60 100.{65 99.31 99.64

42
390
880

79
42

290
260
570

1.06
253

139
709
782
105
t4

8
55

8
3.7 9

273

13? 146
850 797
780 758
108 I02
348
12 <5
48 l8
109
3.54 4.0r

255 275

60. 9 72.4 '15.1

CfPW Nolms (We1ght Percent)

L2.82
9. 20

15.54
14.41

I0. 19
2.52
6. 89

9.41
3.79

!.no

7.33

i.tu
0.65

7. s6 L2 .82 27. 0t
9.86 12.13 30.90

12. 89 20.47 4.04
10.80 L4.52 22.22

13. 07 9. 36 4.77
2.70 2.93 L.39
9.24 5.86 3.06

16. 04 4.43 0,02
s.16 2.44 0.01

1.ro :.rr 3.rt
6.91 7.96 2.20
0. 02
1,90 1.s5 0.60
0-20 0.17 0.49

28.72 25.L7 28.54
30. 44 37. 6t 34.92
4.66 2,78

2L.69 2L.07 24,53
1.55

4 .L2 2. 51 1.65
0. 04

3.56 2.I7 1.40

!.ru :.0, ?.tt
2.23 3. s4 2.51

l,.rt o. rt :
2. 51 1. 44 r. 05
- 0.02
0.07 0.39 0.30
0.21 0.39 0.12

100,35

36. rt

64.3

99.09 100.57 99.60 100.{6 99.31 99.64

28.2 39.5 80.1 80.8
56.7 62.8 11,6 13.3

83.8 88.0
5.9 0.0

6IncludleE Sro=0 . 0I .
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Explanation of Table 7.7. Analyses of rocks fron Hut Point

PenLnsula, Ross Islancl.

1. DunLte Inclusion. Forbes' 1963.

2. Peridotite Inclusl-on. Forbes' 1963.

31 22884 Basanite. I km north of Cast1e Rock'

4. Basanite. CLast in hyalocLastite base of Castle Rock. I'uckmant 1974'

5. Basanl,te. Clast J-n hyaloclastite, Castle Rock. Lucknant L974'

6, Basanlte (Leuclte tephrite). Top of Crater tlill. (Analyst Hogarth).
Jensen, 1914. Snith (l-954) re-exarntned this sanple and

fowrd only nepheline and no leucite'

7. Basanite. clast in hyaLoclastite, castle Rock. LucknanI L974'

8, Basanite, (Llmburgite-like basalt), Ridge Roadr winter Quarters.
(Analyst: G- T. Prior). Priort L9O7'

9. Basanite. (olivine basaLt). The Gap, (Ana1yst; G' T' Prior) '
Prlorr 1907.

19:_ Basanite. Clast J-n hyaloclastite, Castle Rock'- Lucknant L974'

11. 22A87 Basanite. 2. I km west-southwest of crater Hill.

L2, 22879 Basanite- Dike Castle Rock'

13. 22899 Basanite. Fortress Rock'

L4. Basanite. SumrnLt Castle Rock. Lucknan, L974'

15. Basanite, (Basanitoid). Hut PoLnt Peninsulai' (Analyst':
l,t. Chiba). Forbes and Kunor L965.

16. 22896 Basanlte. First Crater'

L7. Basanite. ' (Basanitoid) . ' Hut Point Peninsqla: : (Analy'st: M' Chiba) '
Forbes and Kuno, 1965'

1g. Basanite. olcler sequence, cape Armitage. Goldich et aI., 1975'

Lg.Basanite.(Hornblendebasalt).SulphurCones'(analyst:G'T'Prior)'
Prior, 1907-

20, 25793 KaersutLte phonolite. observation HiI1.

2L. KaersutLte phonoltte. (Hornblende trachyte). Observation HiLt.
(Analyst; G- T. Prior). Prior, L907'

22. Kaersutite phonollte. observation HiLl. Goldich et al'.' L975'

23. 22888 Kaersutite phonolite. Flow north siile of lfhe Gap'
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TABLE 7.8 Analyses of volcanic c'rre samples fron Dry Valley Drilling Project
I{oles I and 2.

L2
2-L52.07 2-99.34

345
r-I21. 8A 2-IL2.72 2-I03.ls

6789
1-88.55 l_-91.45 1-187.64 2-81.63

4L.34
4.12

r3.18
5. 8l
6. 06
0. 18

11. 65
10. 94

3. 00
r. 66
0. 83
0. 24

41.69

I2.96
3.92
8. 05
0.18

11.99
II.4O

3. 09
1. 53
0.85
0. 08

42.7 7
4. 51

15.85
4.68
8. 21
0. 2l
5.85

r0. s4
4. r9
2.05
1. 13
0. 11

41. 68 41. 58
4. 06 4. 34

L2.9?. r3.33
3. 06 3.77
8.48 8.24
0.18 0.18

12.13 tl_.85
11.32 11.56
3.16 2.90
1.48 L. s0
0. 84 0. 89
- 0.06

41. 80 4?. 15
4. 15 4 .66

L2.84 15. B4
4.29 4.73
7 .7 4 8.27
0. 18 0.22

L2.L2 5.54
11. 53 10. 60
3.03 4. 51
r..50 2.09
0. 83 l. 30
- 0.t0

43.26 47.27
3.60 3.00

12.93 r7.65
2. s0 3.64
9. 04 6. 04
0. 19 0.21

LL.72 3.84
11.81 7.79
3.00 5.82
1.38 2.9L
0.78 0.80
0. I0 0. 09

slo2
rio2
A12O3
Fe203
PeO
MnO
MgO
CaO
Na^o
K"6
P:o-
r,6sB

Total

Rb
Ba
ST
An
Cu
N1
v
Cr
Kt
K/Rb
Mg No.

CfPlf Norms

Or
Ab
An
Ne
Di-wo
Di-fs
Di-en
gfo

Fo
Fa
MT
Hm
I1
AP
Others
Total

D. I.
10OAn
6T. -

99. 01 99. 3l

31 30
284 277
868 829
85 82
63 52

250 276
296 300
3?0 469

r.38 1.23
445 4t 0

r00.29 99 .91

29 29
268 269
853 854
89 79
48 55

249 253
316 292
392 477

L.24 L.27
429 438

69.0 59.3

100.0I 100. 0I

30 41
268 3{8
834 L242
82 109
54 42

259 25
330 29L
451 31

L,24 I.74
41.5 423

69. 5 49,1

10c. 31 99.06

28 68
253 543
777 1408
90 r01
73 26

253 19
264 r48
536 31

1.15 2'.42
411 355

69.4 47,469.3 70.2

100. 06

4l
347

L224
103

48
42

28L
52
r. 70

415

50. 7

(Weight Percent)

9 .81
5.03

L7.5?
10.4 9
r3. 05

1I.28

tl,as
8. 18
0. 17
7.82
L.92

8. 75
2.42

16.70
L5.LI
r4.18
2.32

r0. 50

13. 82
3. 36

!'oo

8. 85
3 .42

:-8. 9 0
11. 44
13.63

1. S2
I0.39

13.40
2.60
5.41

7.7L 8.24 7.92
r.95 2.06 1.970.24 - 0.06 0.08

9. 04 8. 86
3.09 3.48

16. 97 17.00
12.49 12.00
L4.2L l4. s?
1.32 1.56

10.89 11.36

13.29 13. t9
2.45 2. 00

:.rr :.,'

12.35 12.11
9.32 r0.74

i6.80 18.38
15. 53 13.39
11.40 11.07
2.34 ?.24
8. 0? 7 .85

4. 01 4.70
1,28 1.48
5.86 6.79

8.85 8.56
3.01 2.62
0. l0 0. 11

8.16 L7 .20
4. 68 L9 .44

L7 .7 4 13.44
LL.22 16.15
14. 93 8. 34

3. 21 2.07
I0.46 5.63

13.12 2.76
4.43 1.12
3. 62 5. 28

6.94 5.70
1.81 1.85
0. 10 0. 09

7. 88
L.92

99. 0r

26.3
74.5

99. 31

24.3
87,3 84.7 84.5 83.0

I00. 29 99. 91 100. 01

23.1 24 .5 24.3

r00. 0l 100. 06 100. 31 99. 06

37.3 36.2 24.0 52.8
64.1 63.1 79.L 40.9
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TABLE 7.8 Analyses of volcanic core sarnples from Dry Valley Drilling Project
Eoles I and 2 (continued).

IO
2-70.4L

11 12
2-47.42 2-28.37

13 t4 15 16 L7 18
2-39.28 2-L3.49 2-54.72 r-85.35 L-57.94 L-131.36

47 .27 49.28 49.36
2 . 95 2.68 2.49

17. 61 L8 .41 r8. 18
3.35 2.98 2.47
5.06 5.48 s.18
0.2r 0.20 0.18
3.72 3.19 3.39
7.76 6.84 6.7I
5.07 6.37 6.58
3.11 3.43 3.49
0.81 0.65 0.65
o.4ol 0.3r o.3l

50.76 51.32
2.23 2. 03

18.88 18. 82
2.58 3.00
4.72 3, 65
0.19 0.18
2.57 2.i8
5.99 5.73
6.78 6.84
3.65 3.88
0.49 0.52
0.27 0.47

51.90 52.32
1.85 L.62

19. 31 19. 55
3.01 4.45
3 . 96 2,15
0.20 0. 20
2.07 I . 8r
5.43 4.99
7 .26 7 .48
3.70 3.9s
0.60 0.47

0. 65

53.08 s5.78
r.58 L.29

L9.77 19.00
2,70 3.59
3.45 2.46
0. 20 0.20
L.67 L.76
4.69 4.33
7.58 7.00
4.15 3.54
0.42 0.40
0.34 0. 09

S102
TiO2
A12O3
FeeOa
FeO
!1nO
M9o
Cao
NazO
Kzo
Pzos
Loss
TotaL

Rb
Ba
Sr
7,n
Cu
Ni
v
Cr
KI
K/Rb

Mg No.

99.32

72
545

L37 4
tlt

29
22

208
45

2.58
358

47 .2

99.82

85
577

1160
106

24
14

139
20
2.85

335

46.1

99 .64

98
739

L256
97
14

7
68
T7

3.28
335

39. I

98.99 99,2L

94 96
564 6L7
998 1062
96 r00
14 L7
26 l4

L26 115
92 24
2.90 3. 03

308 316

50.0 45.3

99,22 99.29

111 97
599 695
860 1194
94 109
22 15
198

100 77
44 15
3.22 3.0?

290 316

48 .9 40.4

99.63 99.54

11 0 113
7L6 't28

1049 9L2
LLz 108
15 14
615

73 54
13 33
3.44 3.02

313 267

38.3 40.3

CIPW Norms (Weight Percent)

Or
Ab
An
Ne
Di-wo
Di-fs
Di-en
I.lo
Fo
Fa
Mt
Hm
I1
AP
Others
TotaL
D.I.
I0OAn
ETEE

lEro.

18. 40
17. 31
11.62
18.45

9. 01
2.47
5. 9r

2.35
1.09

1'ru
5. 60
1. 88
0.40

20.27 20.62
2L.29 20.55
t1.51 9.76
L7.67 19.03

7 .59 8.05
2,I9 2.28

1.no 2."
2. L4 2.26
1. 05 1.09

:.t' :.rt
5.09 4.73
1.51 1.51
0. 31 0. 3l

2L.57 22.93
24.49 25,67
10. 30 9 .L9
L?.81_ I7 .45
6.77 6.61
2.06 0.88

!'" :.ou
1.56 1.32
0.88 0. 25
3.74 4.35

4.24 3.85
I.14 1.20
0,27 0.47

21.86 23.34
28.79 29.6L
9.17 8.10

17.68 L8.25
5. 78 5.22
l. s6
3.8r 4 . 51
- 0.46
0. 94
0.42
4.36 2.89
- 2.46
3. 51 3. 08
L. 39 1. 09
- 0.6s

24.52 21.51
29.14 43.23
7.66 9.67

18.96 8.57
5.37 3.84
r.55
:.nr :.rt
0.4 9 0. ?s
0.24
3.92 4. 84
- 0.25
3. 00 2.45
0.97 0.93
0. 34 0.09

99.32
s{.1
40.2

99.82 98.99 99.2L
59.2 60.2 63.9
35.1 32.2 29.6

99.22 99.29 99.64 99.53 99.54
66.0 68.3 7L.2 72.6 73.4
26.4 24.2 2L.5 20.8 18..3
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t

Erplaqation of, ll,able ?.8. AnalyseE of volcanlc core 8anlrles from Drlt

Vat!'ey Drilligg Project Eoles 1 and 2'

1, 2-152,07 m Basanlte.

2, 2-99..34 n BasanLte'

3. 1-12L.88 q ,Basanitet

4, 2-LL2.72 g Basanite,

5. 2*103.15 n Baganl.te.

6, I-98.55 n Basanite'

7. 1-91,45 m Basanlte.

,8. 1-187,64 n EasanLter

gi 2-8tr.63 m Nephel.ine hawalitE.

10, 2-?0.4I n Ne$heLl'ne hawaitte.

LL, 2-47,42 m NqEheU$e hawa,i'l,te.

12. 2-28.3? n Nephel'ine uugearite.

L3. 2-3-9.29 m NeBheline $rgearite.

14, 2-13'.49 m Neptrell'ne benno-relte.

15. 2n54,72 m NeSfie1lne benmreLte.

15, t-85\35 n NeB-heltle b-ennOreite-dj,k€.

l?, I-5?.911 n Nepheline betrmreite'

18. l-131,36 m Benmorel'te.
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I'ABLE 7.9. Analyses cf volcanic rocks from the
Tryggve point and Turks Head

Dellbridge Islands,

4
?5'i54

5
-Gmass

6
257 58

7
-Gmass

SiOs
TiO2
A120 g

Fer O3
FeO
!4nO
Mgo
CaO
NazO
Rzo
Peos
H2O+
Hzo-
coz
fotal

Or
Ab
An
Ne
Di-!ro
Di-fs
Di-en
80
Fa
Mt
r1
AP
Others

45. 36
2.68

L7.26
10.43

0.21
3.29
7 .79
5.27
2.66
1. 01
4. 511

47 .44
2.49

19. 30
9 .49

46.98 47 .0
2.94 2.7

16. 75 17. 5
2. 80 11.0
8.18
0.29 0.25
3. 99 2.6
8.41 6.95
4.81 5.85
L.97 3. 4
1.48 L.2
L.28 r.41
0. 31

47 .27 44.99
2.43 2.20

19.31 16.72
9.35 12.16

45.70 47.56
3.21 2.60

16. 83 ].8.77
12.31 1.66

7. 13
0.25 0.20
3.26 2.82
6.85 7 ,82
5. 75 5.15
3.20 2.68
r.45 0.07
L.24t r.27

0.42

0.22 0,26 0.202.50 3.35 2.65
7.78 6.92 7.75
s.51 s.78 5.68
2.52 2.95 2.66
1.1.9 L. 4 0 r. 21
1.58! 1.811 1.081

100.47 100.232 99.85 99.76 99 .54 99.95 100.06

52
563

r378

102
44
<5
51

5
2.45 2.21

98. 82 3

Rb
Ba
Sr
I
Zr
zn
Cu
Ni
v
Cr
KT
K/Rb

350
62

573
1018

117
33
<5

5
2.e2

455

5l
483

13 75

I00
4I
<5
52
30
2.09

4L0

63
529
991

L23
52
<5
58
t2

-1800

389 425

CIPW Norms (Weight percent)
L5.72
r9.31
r5. s8
13. 69
6.88
3.08
3. 60
3.22
3.03
3. 62
s. 09
2.34
4. 5L

L1.64 20.09
28.03 19.69
18.29 1I.45
6.86 16, t5
5.78 6.34
2.57 3.49
3.04 2.83
4.84 2.56
4.50 3.47
4.06 3,62
s.58 s.13
3.43 2.78
t. 59 r.40

r..1.89
24.98
20.06
12.18

4 .49
2.08
2. 30
2.75
2.75
3.62
4.62
2.7 6
1.58

1?..t3
LV.IJ
10. 96
16. 35

5 .94
3. 06
2. 80
3. 88
4.66
3.62
5. 08
3.24
L. 81

L5.72
23 .97
l_9. 3I
13. 05

4 .69
2.L2
2.44
2.92
2. 80
3.62
4.73
2. 80
r. 06

r4.91
r8.90
r0.66
L6.L2
s. 7B
3. 06
2.67
3. 82
4.84
3.62
6.10
3. 35
L.24

15. 84
18.89
20. l8
13. 37
i .82
4. 07
3. 66
2. 36
2,88
2.4L
4.94
0.16
2 ,15

lotal

D.I.
10OAn

EiTT5-

9-o.67

48.7
44.6

99. 08

52.t
44.5

100.21 99. 00

46.5 s5.9
39.5 36.8

98.58 99.25

52.5 52.7
36.9 44. 6

99. 08 98. 73

53.9 48.r
36. I sl. 6

lloes on ignltion; 2fncludeg BaO=O.04; slncludes SO3=9.06, SrO=0.2I.
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TABLE 7.9 Analyses of volcanic rocks from the Dellbridge fslands,
Tryggve Point and Turks Har.l (continuecl)

IO 1t L2 13
25742 25748

1.5 16
25749 25745

l4
-Gmass

sio2
T.to2
Al20 3
Pe2O3
FeO
MnO
Mgo
CaO
Na 20
Keo
P zos
H2O+
Heo-
coz
Total

Rb
Ba
Sr
v
Zr
Zn
Cu
Ni
v
Cr
Kt
K,/Rb

Or
Ab
An
Ne
Di-$ro
Dl-fs
Di-en
Fo
Fa
Mt
I1
AP
Others
Total

D.I.
10OAn

An+Ab

48.55
2.10

19. 32
8.15

0.19
2.44
5.43
6. {5
3.01
0. 88

49.29 50. 35
2.02 1.93

18.41 l_9.59
8.58 2.82

5. 16
0.24 0. 20
2.01 2.L4
5.10 6.45
6.79 6.57
3.91 3.32
0.97 0.8s

0.23
0.03
0. 07

sl. 17 53.09
1. 86 1. 66

L9 .49 20.09
8. 0r 7,10

o .20 0.19
t. 87 I. 66
5.52 4.8r
6. 70 5. 80
3.71 3.88
1..12 0.8{
0.251

52.52 s4. 00 57 .49
1. 54 1.40 0. 63

18.53 19.r8 19.40
7 .96 7. 90 6. 36

0.24 A.22 0.23
2.02 r.58 0.65
3. 78 3. 81 2.52
7 .29 7.00 7 .59
4.88 4.35 4.55
r. 02 0. s4 0. l8

0.16 0.131

97.54

87
807

108 7

L25
IO
<5
47
<5
2. 50

287

68
760

r180
37

470
B9
L2

<10
39
<5

2.7 6
408

l13 10r
658 19L
558 610

121 i08
15 10
<5 <5
L4 24
L47
4.05 3.61

383 358

107
r 073

536

100
a

€
0

l1
3. 87

352

97.32 99.86t' 99.90 r00.12 99.98 r00.14 99,84

85
703

1054

99
15
<5

<5
3.25

382

74
740

1111

92
28
<5
36
L4

3. 08
4r6

8d
189

1194

99
Ll
<5
<3

9
J.ZZ

382

CfPW hlorms (Weight Percent)

L7.79
25. s1
14. 87
15. ?5

4. 71
1. 84
2.67
2.39
l. 80
3.62
3. 99
2.04

23. 10 L9 .52
25.04 26.99
8.2r 14. 16

r7.56 15.50
4.49 4.97
2.23 2.L6
2.I9 2.65
r.98 r.88
2.2L 1.58
3.62 4.09
3. 84 3.66
2.25 1.97
- 0.55

2L.92 22.93 28.84
30.08 34.40 27.91
12.15 12.83 3.70
L4.42 L2.54 18.25
3,31 2.31 3.50
1.55 0.95 1.65
1.67 L.27 L.77
2.09 2.0r 2.28
2.r5 1.59 2. 35
3.62 3.62 3.62
3.53 3.15 3.12
2.60 t.9s 2.36
0.25

25."10 27 .54
34.09 42.32
8.06 s.l0

13.62 lL. 87
3.05 2. 50
1.70 1.87
1.35 0.82
t.8r 0.56
2.52 l.4r
3.62 3.62
2.66 1.20
L.25 0.42
0.16 0.13

96.98 95.7r 99.85 99.35 99.66 99.44 99. 60 99,46

75.1 73.4 81.7
1r.7 19.1 10.8

59. 0

35.8
65.7
24.7

62.L 66. 4 69 . 9

34. 4 28. I 27 .2

+Includeg F=0.14r Cl=0.06, Iess o=ClrF=0.07.
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ExpJ.anatJ-on of Table 7.9. Analyses of volcanic rocks from the

DellbrJ-dge Islands' Tryggve Point and Turks Head'

L. Nepheline hawaiite. palagonitic breccia, fryggve Foint. tuclrnan, L974.

2. Ilawail-te (Basalt). SurnmiL tlttle Razorback fsland. Smith, 1954.

3, Nepheline hawailte. (Plagioclase basa1t). PiLlow lava, Tryggve Point.
llajor eLement analyses, Luckrnan ' L974- Mean of 5 major
element analyses anil 3 trace element analyses frour
centre to margin of pillow. IntervaL 6 inches (I5 cn).
llajor elements recalculated to 100t.

4. 25754. NePhe1lne hawaiLte, pillow lava- Turks llead.

5, 25754G. Gror:ndnass of above sample.

6, 25758, Nepheline hawaiite, dike. Tlyggve Pol-nt.

7. 25758G. Groundmass of above sarqlle.

8. Basanite (Plagioclase kenyte). Turks Head. Jensen, 1916'

9. NepheLLne hawaLlte. Turks Head. Major element analysis, Lucknanr, L974-

10, Nephellne benmoreite, Tryggve Point. Major element analysis,
Luckman, L974,

11. NephelJ.ne hawaiite (trachybasalt). TrySWe Point. Goldich et aJ,.r 1975.

L2. 25742. NepheJ.ine beruroreite- Inaccessible Island'

13, 25748. Nephellne benmoreite. Tent Is1and.

14. 25748G, Groundsrass of above satrE)Ie.

15. 25749. Nepheline berunoreLte. Big Razorback Island.

16, 25745, Phonolite. Inaccessible Is1and.



TABLE 7.10 Analyses of
Cape Evans.

40r.

volcanic rocks from Cape Royds, Cape Barne and

StO2
TiO2
A120 3
Fe20 3

FeO
MnO
u9o
CaO
Na2O
Kzo
Pzos
II2O+
Heo-
coz
c1
F
-O=F rC1
Total

43.54
5.03

16. 08
2.63

10. L4
0. 20
6.44
8. 09
3. 61
L.67
L.29
0. 36
0. 08
0. 15

s5. 9
1.2

19. 8
1.9
3.5
0. 14
L.2
3.0
7.4
3.9
1.3
0. s3
0. 13

<0. 05

45.26 45.5
3. 09 3 .1.1

16.93 17.0
2.85 3.81
8.79 8.41
0.29 0.2t1
3. 98 3.7 4
9.32 9.30
'l .58 5.0?
2.04 2 .L3
1. 66 r. 56
0.77 0 .26
0.20 0.10

0. 01

54.64 54.92
1.34 r.3L

1.8 . 57 19. 53
6.26 4.19
0.47 L.74
0.21 0.21
t.06 1.07
3.00 3.48
6.96 7 ,48
4.51 4.73
0. 85 0.26
L.20 0,41
0.62 0. 04
0. 05

0.26
0. 07
0.14

55.1 55.62 55.80
1. 04 t. 35 1. 01

19.5 L9.07 le.:2
1. 91 6. 06 s. 99
4.L2 0.00 0.85
0.21 0.20 c.24
1.13 1. 20 1. 17
3. 30 2.72 2.78
8.03 7.56 8.13
4.58 4.59 4.s8
a.42 0. 57 0. 50
0.22 0. 12 0. 00
0.17 0. L4 tr
0.01 0.03 0,04

0. 20

0, 07

r00.771 99.812 100.24 100.?03

CfPW Norms (Weight Percent)

99.90{ 99.84 100.63s 99.816 99.95

a
c
Or
Ab
An
NE
AC
ltl
Di-wo
Di-fs
Di-en
Wo
Hy- fs
Hy-en
FO
Fa
Mt
Hm
I1
Pf
F1
Cc
AP
Others
Total

D.I.
l0OAnE'ffi

i. tt
23.98
22.7 4

:.rt
3.35
r. 09

:'ou

9.79
5.7 3
3. 81

9. 55

:
0. 34
2.99
1.90

.
4. 60
4.7L

1.t,
:.tt

3. 85
0.97

:
3. 64
3,27
5. 52

5. 9l

0. 02
3. 6t
0.36

:
l.ut
6.26

1'nn

0.11
r.97
2.68

0.43

:.ot
2.66

:"

2.50
2.47
2.49

0.14

i. .o
0. 6?

:
0.83
r.51
2,77

1. 98

-
0 .02
0.97
0.39

:
:.u'
6.06
0.43

l.rt
0.07
1,32
1.45

12.06 L2.59 26.65
2t . 59 20 .7 4 44.24
19.61 17.34 6.r.1

:.to 12.01 !.tn
5.63 7 .74 0.37
3. 12 3. 37
3. 35 4 .13 0. 32

zi.gs zi.ae zi.tz
35. ?3 32.65 43,34
6.76 3.34 4.s4

13.89 19.12 11. 18

- r.18
27 .06 23.05
40.68 48.87
0.48 6 .07

L4.43 7 .45

0. 33

:'" :
2.9L
0. 87

- i.ot
- 2.42
0.60 2,76
5.5U

:.t' '_."
0.09 0.1r
1. 16 3,0r
0.26 0. 66

i.n i.rt
2.70
r. 63 0. 68

r00.77

37.4

48.7
AgpaltLc
Indlex

llnciudes Sro=1.46;
4lncludes ZxO2=0.0!,
Slncludes ZrO2=0.151
BaO=0.10, SrO=0.071

99.81 100.24 100.70 99.88 99.84 100.s0 99.'14 99.95

42.9 45.3 78.8 77.6 79,4 81,6 82.2 79.4

47.6 45.5 12.1 15.9 9.3 9.5 L.2 Ll. 1

0.88 0.89 0.94 0.9r r-.01 0.83

2Inc1udes BaO=O.05i 3Includes ZrO.=9.20, SO3=0.56;
S=0.12, BaO=0.035, SrO=0.08, (CerY) 2O3=0.06;
So3=Q.971 Sro=Q.28, 6ltt.tudes 2ro =0.12, S=0.06.
(CerYi 203=0.02.
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TABTE 7.10 Analyses of volcanic rocks from Cape Royds, Cape Barne and
Cape Evarls (contlnued)

l8L7I6I5I4I3L2t1t0

SlO2
Tio2
AL?O3
Fe203
FeO
MnO
M9o
Cao
NaeO
Kro
Peos
Il2O+
Hzo-
coz
CI
F
-O=FrCl
Totai

56.00
L.22

L9.7 4
1. 37
3. 30
0. 20
1. r2
3.26
7 .97
4.28
0. 50
0. 58
0. 17

0.20

0. 04

54.98 56.09
r . 34 t.23

18.97 20.79
2.L4 1.54
3.65 3,84
0.26 0.0s
1.lI L.26
2 .54 3.18
8.86 7. 33
5.13 3.91
0.35 0.38
0.44 0.39
0.10 0 . 19

0.20 0. 17

0. 04 0.03

56 .10 55.2
1.10 1.0r

19. 57 19. 9
l_. 78 1. 91
3.46 3.59
0. 19 0.19
1.19 1.16
3.24 3.32
7.80 7.89
4.26 4.24
0.45 0.46
0. 30 0.13
0. 14 0.06
0.07 0.a2
0. 06
0.09
0.05

56.27 58.1
1. 05 1. 00

19 . 08 l-5. 9
1.49 2.72
3.96 5.06
0. 28 0.23
0.89 0.902.58 2,49
8.20 5.28
5.05 4.98
0.35 0.22
0.44 0.93
0.18 1. 26

0. 06
0.25

0. 06

58.90 58.94
L.29 1.40

L6.24 16. 33
3,56 2.48
4,43 5. 54
0.18 0.21
0.77 r. 03
Z.zi 2.10
5.60 s.54
5.85 5.25
0.12 0.57
0.28 0.42
0.54 0.44

0. 05
0. 07
0. 04
0. 03

99.87 100. 03 100.32

CIPW Norns (Weight Percent)

99,75 100.08 r00.02

25 .L7 25. 05 29.84
40. 50 39.19 3s.27

6 , 04 5. 36 I.32
13.58 14.94 17.48

99. 04 100. 32 7 too. 68 I

l. 08a
c
Or
Ab
An
Ne
Ac
sl
D1-r+o
DI-fs
D1-en
Wo
riy-f s
Hy-en
Fo
Fa
Mt
HN
I1
Pf
FI
Cc
Ap
Others

zi.zg
39.43

6.23
Ll.37

0.33
2.79
1, 50

:"

r. 06
1. 38
l. 99

2.32

:

1. 16
0.75

ri. rz
26. 90

22.82
3. 94
0.33
4.3r
2.66

:''o
0. 75
r.29
1.13

2.54

:

0.8r
0. 54

:
23.r0
42.95
L2.94
9.65

0.28
0. 15
0. 08

:"

2.L5
2. 90

?."

:''o
0. 88
0,58

i. .o
2. s0
r..33

:'"

L.77
I.62
2.58

2.09

o.tt
0 .16
r .04
o .44

:
2.9L
1. 63

:'"

1. 13
1.60
2.77

1. 92

:
0. 04
r. 07
0.19

i. ot
3.84
2,72

l'"
0.68
1.62
2. r6

2. 0r

0. 81
0. 62

z6.et
44.68

:'"

2.L4
1.6r
0.62

4.4L

!.t,
3 .94

I.,o
0. 14
0.51
2.L9

zi.st ri. oz
45.49 46,88
2.L1 4 .18

:.rr :
0.12
3. 39 0.92
2.2t 0.67
L.25 0.28

- 5.r7
- 2.r4
0.47 0. L0
0.92 0.27

:'ru :'uo
2.45 2,66

0. 08
- 0.11
0.28 L.32
0.94 r.35

Total 99.87 I00.03 100.31

80.0 75.7
0.0 23.2

I.06 0.78

99.75 r00.08 100.03 99.04 100.24 r.00.68

79.2 79.2 82.6 75,2 80. q 77 .9D.I.
I0OAn
ffi+.S
Agpaitlc
Index

?9. 1

13.5

0. 90

t3.0 14. 0 3,6 r0.0 4.5 8.2

0 .89 0.88 0. 99 0.88 0 .96 0. 91.

TIncludeE ZrO2=9.02, BaO=O.057, (CerY)zOl=0.09; sIncludee ZrOr=0.22, SO3=0,16.
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Explanation of Table 7.10. Analyses of volcanic rocks from Cape Royds,
Cape Barne and Cape Evans.

1. Hawaiite (olivl-ne basalt). Cape Barne' Jensen' 1916.

2. HawaLite (Basat-t). Middle Dome, Cape Barne. Smith I L954.

3. Nephellne hawaiite (Trachybasalt), Cape Barne. Goldich et aJ., L975.

4. Anorthoclase trachyte (VltrophyrLc kenyte), The Skuaryr Cape Evans.
Jensen, l-916.

5, Anorthoclase phonolite (Kenyt,e), Devlatlon Hillr Cape Evans,
(Analysts D. I. Bothwell), SnLthr L954,

6. Anorthocl,ase phonolite. CaPe Evans, Goldich et' al,, L975,

7, Anorthoclase phonoLi.te (Kenyte). Cape Evans. ilensen, 1916.

8. Anorthoclase phonolite incLusion. The Ranp, Cape Evans.
(Analyst: K. Chaperlin). Snith, 1954.

9. Anorthoclase phonolite (Anorthoclase trachyte). Cape aoyds.
Boudette and Ford, 1966.

to: Anorthocl""" 
::Hi:i::, j.ig::,. cape Royds (BM 1el0-1ee(34)).

11,. Groundrnass of above sample. Carmichael, 1964.

L2. Anorthoclase trachyte (Leucite kenyte). Cape Royds. Prior, 1907.

13. Anorthoclase phonolite. Youngest flow, Cape Royds. Goldich et a7., 1975.

l-4. AnorthocLase phonolite. Yor:ngest flo$t' Cape Boyds, Gold,ich et aL.' L975.

1,5. Anorthoclase phonolite. Cape Evans. Carrnichael. 1964.

16. Quartz K-trachyte. Mt Cis. Goldich et al.. L975-

I7. K-trachyte. (Phonolitic trachyte). Mt Cis. Smith, 1954.

18. K-trachyte. (Trachyphonolite). Mt cis. ilensen, 1916.
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TABLE 7.ll Whole rock, groundmacs and gLass analyses of rocks from Fang
Ridge and ltt Ercbus.

?34
25774 25782 25777

5
2s778

67
-Gmass

8
2578]..

SlOe
TiO2
A1203
Fe20 3
FeO
MnO
Mgo
CaO
Na20
Kzo
Pzos
H2Of
Hzo-
coa
F
-O=F
Total

::5
Ba
Sr
Y
Zx
Zn
Cu
Ni
v
Cr
KI
K,/Rb

c
Or
Ab
An
Ne
Ac
Ne
D1-wo
Di-fs
Di-en
Fo
Fa
ut
I1
F1
Cs
AP
Others
Total

D.I.
l0OAn
ETS'

48.83
2.54

18. 52
9.77

0.22
2.99
6.41
6.05
3 .14
1.18
o. L1I

4^ .31
2.26

1rl . 35
.i0. 09

0.23
2.09
5.01
6.56
4.18
1. L0
o.14 r

49 .64
2.02

19. 58
9. 03

0.22
2.L2
6. 63
6.10
3.04
0.88
o. 05l

45.63 47.49
2.42 2.7L

L0.43 18.63
1.20 9.94
8. 93
0.17 0.22

15.0i. 3.41
12.89 7 .4L
2.04 5.73
0,74 2.92
0.43 1.12
0.16 0. 06 1

0.2r
0. 12

48.94 54.17 55.32
2.53 0.73 L.29

r8.23 L9.92 19. l3
10.96 2.r3 7.26

4.97
0.26 0.26 0.22
2. l0 1.57 L.42
5. 19 2.72 3. 93
6.68 8.s? 6.s4
3.87 4.85 3.95
0. 82 0. 06 0. 45
o. o? I 0.20 0.24r

0. r.7
0. 08

I00.38 99.64 99.72 99.48 99. 31

70 93 56
595 722 7s4

1146 830 L550

99.65 LOO.282 99 .76

51
549

L252

81
993
834

L02 102
t8

10 <5
1I1 66
31 <5
2.42 2.6I

397 373

L25 104
38 2I
<5 <5
25 L7
13 33
3.47 2.52

373 4s0

97
l0
<5
11
<5
3.28

405

CIPW Norms (Weight Percent)

4 .37
7. 80

t7.L2
2.t,

18 .06
3.95

12. 60
l?,37

5. 00
r.74
4 .60

0.27
1.00
0.37

L7.26 r8.56
21.69 26.42
16.49 14 .10
14.51 L3.42

5.41 4.I7
2. ta I.84
3 .0r 2.20
3.84 3.68
3.07 3. 39
3.62 3.62

:.tu !.,,
2 .60 2.73
0.06 0.l_1

zl to ti .gs zl.et
23.35 27 .s9 22.34

7 ,83 17.07 8.33
17. 88 13. 02 18. 52

4 .11 4 .2I 5. 04
2.39 2.L8 3.12
r.73 1,98 1.98
2.43 2.31 2.28
3.69 2. 80 3.94
3.62 3.62 3.62

!.rt :.ro 1. 
ro

2.55 2.O4 1.90
0.r4 0.05 0.07

28.66 23,34
26 .81 41.43
1.55 11.1824.76 !.uo

4.31 2.22
2.7 6 1. 18
1.63 1.02
r.60 L.76
3. 00 2.24
3.09 3.62
1.39 2,45

:.,' :
0 .14 r. 07
0.20 0.24

100.38

17.3
68.7

98.72

65. 9

25. r

0.84

98.90 98.99

53.5 58.4
43,2 34.8

98. 66 98 .80 100. 26 99 ,29

s8.5 53.7 80.2 72.3
38.2 27.2 5.5 2L,2

- 0.83 0,97 0,79AgpaItJ.c
Index

lLose of lgnltion; 2lncludee S=0,004, BaO-0.03.
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TABTE 7.11 9ihole rock, groundmass and gLass analyses of rocks fron
Fang Ridge and !!t Erebus (continued).

9
25726

10
-Gmags

I21I 13 14 15 16 L7
25727 25724 .-Gmass 25725 -Gmass

Sl-O2
Tioz
A120 3
Fe203
FeO
!,lno
MgO
CaO
Na2O
Keo
Pzos
H20+
Hzo-
coe
F
-O=FrCl
TotaI

Rb
Fa
Sr

7,x
zn
Cu
Ni
v
Cr
Kt
K/Rb

1. 07
19. 69

t ?q

0.25
l. 09
2.68
7.92
4.7L
0.45
o. o5l

54.94 ss.71
1. r0 L.22

L9.2? 19. t4
5.44 1.83

4.90
0. 30 0.25
0.85 1. 37
2.03 3.35
8.85 7 .92
5.42 4. 35

0.4 9
0.1r
0.00
0. 03
0. r5
0.08

55.95 56.42 56.65
:.98 0.9r 0.92

22,53 20.18 20.09
9. 99 4 .84 5. 02
{. 54
tr 0. 21 0.22
tr 0. 95 0. 97
3 .21 2. 80 2.79
7.42 ?.88 7.75
3.97 4.40 4.45

0. 37 0. 38
0.00
0. 09 0. 02 0. 02
0.02

55. 54 56. 68
t. 06 r. 00

t9 ,09 19.84
5,42 5. 16

55. 8t
1. r0

18. 84
5. 51

0.31 0.22 0.28
0.80 1.06 0.87
l.9s 2.92 2.A6
9. Cs 7 . 88 8.27
5.43 4.45 5. 38

0. 40
0. 04

98. 98

1t1
871
735

r35
4

<5
5

<5
3.91

352

98 .20 99.83 3

80
1200

840
56

540
135

24
L3
32
<5
3,6r

43r

99.1A 98.98 99.26 98.5s 99.67 98. 12

99
L027

932

95
113 3
I020

r07
876
72L

112 132
55

<5 <5
4 <5

<5 <5
3,65 3.69

3S4 345

u.9
5

<5
<5
<5
3.71

375

CIPW Norms (Weight Percent)

c
Or
Ab
An
Ne
H1
Ac
Ns
Di-wo
Di-fs
Di-en
Fo
Fa
MI
II
F1
Cc
AP
Others
Total

D.I.
l0OAnEffi
AgpaitLc
Index

32.03 25.70
24.20 37 .97
- I.45

24.24 r5.38
- 0.15
s.24

4 .20 4 .46
2.49 2.88
L.7 4 l. 66
0.26 L.23
o.42 2.36
1.00 2.65
2.09 2.32
- 0.31
- 0.07
- 1.14
- 0.L1

0.24
23.45 26. 00
39.72 4L.46
15.80 6,70
12.50 13.66

- 2.00
- 0.41
- 1.41
- 0.67
4 .56 0.22
1.44 3.62

1.ru l.tt
0. 04
- 0.86
0.09 0. 02

0. 88
0. 02

0. 93
0. 04

27 .83
35. 78
4.26

i6. 38

2.54
1. 04
r.4t
0.92
0.74
3. 62

:.ot
1.04
0. 05

26.30 32.09 25.30 3l-.79
41. 94 23. 60 41. 18 30. 54
5.89 - 5.62

r_2.80 24.03 13.81 19.73

- 7.23 - 2.67
- 0.10
I. S7 4 . 04 2.6L 4 .2?
0.50 2.67 0.72 2.20
L.23 1.46 1.70 2.0L
0.83 0.38 0.66 0.11
0.38 0.76 0.31 0.13
3.62 - 3.62 2.29
1. 75 2. 01 1. 90 2. 09

98. 66

81.0
10. 4

0. 92

97.9L 99.83 99.70

80.5 79.0 75.7
0.0 3.58 28.5

r..06 0,98 0.73

98.75 99.01

81. I 81. 0

13.9 14.1

0.88 0.87

98.36 99.40 97.82

79.7 81.3 82.1
0. 0 12.0 0.0

1. 09 0. 90 1. 03

3lncludes CI=0.09
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E:<planation of Table 7.11. Whote rock, groundnass and glass analyses
of rocks from Fang Ridge and Mt Erebus'

1. LLmburgite. Mt Erebus. (analyst: Burrows and walkom).
irensen, 1916.

2, 25774. Nephellne hawallte. Fang Ridge'

3, 25782. Nephellne hawaLite. South of Abbott Peak'

4, 25777. Nepheline bensoreite. Fang Rlclge.

5. 25778. Nepheline hawaiite. Fang Ridge.

6. 25778G. Groundmass of above sample

7, Anorthoclase phonol.lte (LeucLte-kenyte) . Recent cinder cone of
Mt, Erebus. (AnaLyst: iI, D, Easton)' Snithr 1954.

8. - 2578L, Mugearite. Abbott.Peak'

9. 25726. AnorthocLase phonoLite. Borib, erupted from Mt Erebus in 1972.

LO, Z57Z6G. GJ.assy groundmass of above sarrple. (Electron microprobe
BnaLysls) ,

11. _ Anorthoclase phonolJ-ter SuIEIttt of Mt Erebus, Goldich et al.t L975'

L2. Anorthoclase phonolite, tPurnlce, groundmass of kenyte. Mt Erebust.
(AnaLyst: Burrows and Walkout), Mawsonr 1916.

13. 25727. Anorthoclase phonolite. FIow upPer slopes of present active
coner Mt Erebus.

14. 25724. Anotthoclase phonolite. Bor0c erupted in Decernber, L972.

15, 25724G. Glassy groundnass of above sarlple. (nlectron microprobe
analysls) .

16.25T2S,Anorthoclasephonolite.Caqlflow.SuxnnitareaofMtErebus.

L7. ZSTZS1. G1assy groun&rass of above sample. (Electron microprobe
analysis) .



T-ABLE 7.12 Analyses of vol-canlc rocks from Brown Penlnsula.

2
24085

3
24087

4
24085

9
2408

l0
24090

678
24088A 240888 24091

SiO2
TiO2
Al20 3
Fe203
FeO
MnO
M90
Cao
Na2O
Kzo
Peos
H2O+
Hzo-
coe

TotaI

Rb
Ba
Sr
Y
zt
Zn
Cu
N1
v
Cr
KI
K/Rb
ltg No.

37
338

125 0

32
287

105 2

49
58C

1200
49

370
rl3

32
140
260
350

r.48
302

58. 6

',17

493
106 3

76
498

r06 3

41.3 41.88
4. 08 3.72

12.9 13.37
4.87 I3. 11
7 .39
0.20 0. 20

10.2 9.88
11.0 1r.70
3.59 3,46
0. 63 t. 33
0. 82 0. 85
1 .1-9 o. 60 l
0.72
0. 82

42.03 42,52
3, 82 3.80

t4 .19 14. s0
13. 86 1 3. 09

0,22 o.2L
8. 16 7 .98

10.6 3 11.54
3.99 3.74
L.77 i.59
1. 0? 0. 9r
0.67 I

43.8 48,46 48.5s
3.47 2,56 2.56

14 . s 18.17 18. 07
4. 56 9.5 3 9. 56
7.85
0.23 0.20 0.19
7.75 3,91 3.95

10.3 7,24 7.29
4.11 6.37 6.38
r. 78 3. 04 3. 02
0,98 0.74 0.74
0.36 o.07r 0.0?1
0. 07
0.03

52.L4 52.60 s2.87 58.64
1.40 1.38 L.26 0.28

19.72 20.02 20,04 22.55
5.43 6.44 6. 09 0.97

0.99
0.19 0.19 0.20 tr
L.97 2.L0 L.79 0.15
4.68 4.46 4.4L r.43
8.01 7 .77 8.0s 9.87
3. 90 4. 04 3.97 4. 98
0.45 0.44 0.41- tr
o.?Bl 0.561 0.6?l 0.35

0. 08

99.7L 100.10 100.41 99.98 99.79 100.29 100.38 99.67 100.00 99.76 100,30

24 30
290 287
880 930
3l

330
110 100
{I 58

200 184
280 272
460 356

0.52 t,10
zLB 367

65.4 64.,1

J.05 I10 101
652 538 645
9L2 896 892

107 r02
42 58

119 131
24I 265
233 292

L.41 1.40
397 438

58.8 59.7

Lt2 111
28 27
34 34

143 14I
70 7I
2.52 2. 51

327 330

49 .9 50. 1

102 107 107
15 16 14
13 18 15
s6 59 s5
3t 53 27
3,24 3. 35 3. 30

308 304 327

CIPW Norns (Weight Percent)

Or
Ab
An
Ne
Di-wo
Di-fs
Di-en
Wo
FO
Fa
It{t
I1
Ap
Others
Total

D. I.
10OAn
ffiTS

3.?2
L6.32
L7.22

7 .52
11. 19
1.11

:. r.
11 . 61.

1. 50
7. 06
7 .75
i, 90
3.772

r7.96 I7.8s
L9 ,42 19 .54
12. 0t 11. 75
I8.63 I8.65

7 .96 B. 18
2.7 9 2 .85

:'" 1'ro
3,49 3.46
2.25 2.22
3.63 3.62
4. 86 4. 86
L,72 L.72
0.07 0. 07

7.56 10.46
3. 02 4 .78

L7,02 15.s8
L4.22 15.70
14. 81 12.60
4.25 4.45
9.55 7.50

i0.54 8.98
5.16 5.87
2.90 2.90
7.06 7.26
L.97 2.48
0.60 0.67

9.99 10.s2
4.05 12.85

t7 .7e 15.86
14. 95 r1. 8?
14.00 r1.96
4.65 2.36

:.ur :.un
7.93 7.54
4.74 2.30
2,90 6. 5t
7.22 6.59
2.11 2.27
- 0.50

23.05 23.87
27.A6 28.05
6.33 7 .82

22.06 20.42
5.82 4. 78
r. 83 1.45

2'un :'o'
0. 89 1.55
0.49 0.8.2
3.62 3.62
2.66 2.62
1.04 1.02
0.78 0.56

23.46 29.43
28. 99 39. 01
5.82 2.52

2L.L9 24.LL
5.r7 0.95
J..J6 U.)l
3.26 0.40
- 0.96
0. 84
0.45
3.62
2.39
0.95
0. 67

i. nt
:. ut

0.43
99. 71 98.99 99 ,22

27 .7 2s.1 30.9

51.4 84.9 75.5

98 .87 99 .79 99. 59 99.68

29.0 35.2 56. I s6.0

8I.5 55.2 38.2 37.5

99 .28 99 .51 99.40 r.00.30

72,2 72.3 73.5

19.0 2r..8 19.0

92.6

6.1
lloss on lgnitlon; 2Includes Cc=I.86t.
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E:<planation of Table 7.L2. Analyses of volcanic rocks from Brorn Peninsula.

1. Basanl.te. Yorurger flow contains ninor carbonate and aLtered olivine-
Goldich et al.r L9'15,

2. 24Og5. BasanLte. Ralnlcow Rldge. Major elenent analysis, Adarns (1973).

3. 24Og7. BasanLte. Rainbow Rldge. ltajor e!.enent analysis, Adans (1973).

4, 240A6. Basanl,te. Ralnbon Fldge. MaJor elenent analysisr Adams (1973).

5. Basanite, Core of piIlow, older fLow on Broltn PenLnsuLa. Goldich
et aJ., r 1975 t

6, 24O8BA. NepheJ.lne hawailte. Balrrbow Rldge. Major elenrent analysls,
Adans (1973).

7, 240888. DuplLcate sanpLe of above.

g, Z4O}L. Nephellne benmoreite, Rainbow Ridge. Major element analysis'
Adams (f973)

9. Z4Ogg, Nepheline bennoreite. Rainbow Ridge. Major eLenent analysis,
Adaqs (1973).

10r- _ Z4O}O, Nephellne benmoreite. Eairibow Rldge. Major element analysis.
Adams (1973).

1I, Phonolite (PhonoLilic trachyte). (Analystr G. T. prior). Prior, 1907'
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TABLE 7.L3 Analyses of volcanic rocks
in the McMurdo Sound area.

from l"lt Discovery and misceLlaneous localltiee

1
P2 3 010

I
P2 30 05

4L.2
). J5

12. 0
5.4
9.0
0.25
9.45

L2.7s
2.7
1. 05
0.45
0. 82
0. 20

42.L 42.5
3.57 3,L2

13. 0 13.3
3.37 3.00
8.90 10.0
0.19 0. 20

11.8 12.1
11.5 10.4
3.70 2.85
0. 90 I.17
0.81 0.68
0.45 0.13
0. 04 0. 03
0.02 0.03

42.7 44.5
3.2't 3.91

12. 8 16. 6
3. L0 6. 09
7 ,96 6.01
0.19 0.25

L2,7 4.78
L2.5 9 .7 4
2.85 4.35
0.96 L.92
0. 63 1.53
0. 13 0. 20
0.04 0.06
0. 00 0, 03

44.6 45.0
3.46 3.07

16. 9 13. 3
1I.8 5.30
0. 09 6. 38
0.22 0.19
3.78 9.50
9.44 12.5
5.37 2,6L
2.01 1.03
1. 39 0. 54
0.14 0.23
0.06 0. 30
0.02 0.08

45.0 4s.61
3.3 3.48

16.5 15.70
5.65 6.L7
5. 85 7 .29
0.11 tr
4.9 4.84
9.25 6.34
s.0 5.06
2.3 2.67
0.4
1.06 2.341
0.84

SiO2
TiO2
Al203
Fe2O3
FeO
MnO
M9o
CaO
Na2O
1(2O
Pzos
H2C+
Hao-
coz

Total

Rb
Ba
Sr
Y
Zt
Zn
Cu
Ni
v
Cr
Kt
K/Rb

Mg No.

100. 52

25
2L2

10 38

94
52

1s7
344
303

0. 87
348

59. 8

99 .28

60
630

L270
33

410
tlt

25
<10
r20

<5
t. 67

2't8

43.5

100. 35 99. 51

36 33
380 390
950 1C00
35 31

310 230
84 84
57 37

170 170
290 250
600 540

0.75 0. 97
208 294

68.4 67.s

99.8S 99.97

30 50
300 630
740 1270
25 37

240 340
r20 109
56 34

300 14
280 190
870 <5

0.80 r.59
266 319

72.L 47.5

100. 03 100. 26 99.50

36
240
640

23
260
L26

6f,
1s0
300
510

0. 86
238

65.0 49.5 45.2

CIPW Norms (Weight Percent)

Or
Ab
An
Ne
Ac
Ns
Di-wo
Di-fs
Di-en
Wo
Fo
Fa
Mt
Hrl
I1
Pf
Cc
AP
Others
Total

D.I.
I0OAn
EnTS

6.20
5.74

17.52

?'"
L7 .87
2.t7

13. 79

6. 83
1. 18
7.83

r0. 16

i. oo
1. 02

5.32 6.91
5.20 7 .79

16. 20 20.04
14. 14 :.rn

14.79 LL.24
2.59 2.80

10.5e ]. u,

13. 18 ls. 80
3. 9 6 6.42
4. 89 4. 35

6.78 5.93

i. oo i.ot
1.88 1. 58
0.49 0.16

5. 67 1t_. 3s
3.49 23.19

19.30 20.10
1r.18 ]."

16.12 7. s3
2,64 0,01

1r. e2 :. ro
13.81 3.79
3.37 0.01

1.uo :.r.
:." !-nt
- 0.07
t.46 3.54
0.17 0.26

11. E8 6. C9
28.94 15.7 4
16 . 07 21. 53

:''n 1'on

4.41 L5.22
- 1.34
3,87 12.13

3. 89 8. 08
- 0.99
- 7.68

11. 80
0.66 5.83
5. 30
0. 04 0. 18
3.22 1.25
0.20 0.53

13.59 15.78
r5.06 2L.57
16. 06 12.24
14.75 rl_.51

I1.36 8.02
0.64 L.26

:.'n 2',,
2.01 4.26
0. 15 0.99
8. 19 8. 95

6.27 6.51

::
0. 93
1.90 2.34

1.00. 62 r00. 35 99. 5I 99.83 99.97 99.28

20.3 41.9 49.8
84.7 46.4 35.7

100. 03 r00. 26 99. s0

25.3 43.4 48.9
58.8 51.6 36.2

2L.2
75. 3

24.7 23.5
75.7 72.0

lloss on ignition
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TABLE 7'13 Anaryses of vorcanic rocks from Mt Discovery and
?ffi:i*il:ous rociiities in tr,li iiJuliiJ"iooia ii""
IO

P230I8 t2
P2 301 5

t3
-Gmass

11
I6I5l4

SiO2
TiOz
AlzOs
Feeor
FeO
MnO
MgO
CaO
Nazo
Keo
PzOs
H2O*
IleO-
coz
Total

Rb
8a
Sr
v
Zr
Zn
Cu
Ni
v
Cr
Kt
K/Rb

Mg No.

CIPW Norms

Or
Ab
An
Ne
Ac
N8
Di-wo
Di-fE
Di-en
Wo
FO
Fa
Mt
Hm
II
Pf
Cc
Ap
Othere

15.19 20.62
31. 08 34.5316.81 12.85

:. tr 12. s6

6.45 2.552.58 1. 09

:.ur 1.rt
2.67 2.482.09 2,L7
:'t, :.u,
5.01 3.44

0. 04
2. 50 2. 18

0.03

28.07 22.75
27.84 36.582.92 10. {220.72 13. IO

4.89 3.041.68 1.38
?.rn l.rt
1.36 1.32
0.85 L.27
:. rr 2.to
?-uo :.70

0. 07
L.27

1?.?6 2e.s5 33.ts23.92 36.30 40.87

39.?4 25.44 ls.83g.1g l.le 2.80
0. 55

l. li l. oe 1. 61
l. 10 0.29 r. 2l
9. 1? o .72 0.470.64 1. 35

O.II
0.31- 1.87 2.22

0.51 0.49 0.55
0. 02
0. 02

0. 07
0. 07
0.80

L7
P23

'l:Zt o3:2n'i:ii li:ii '.i:i, li:i, ,l:i, ,3.2;
i3:33 'tr:3, 'i:;i .i:9f i.:. z\.! 21.6 re.70ru.16 i:31 7.6s o.ir -t:it "i.qg .i:io 'i:llo-.?e o:;; g.it e.?t ;:li i:ii B:ig ;:;;3.24 2.es 1.27- i:;; i.:t g.o7 o.ig o.2sz.so 7.ss :.96 ;:i; n^.:: -g.eo i.ie o.s7s.46 s.o2 g:ia ;:;i i.5 ro.es ro.oo 8.66?:33. i:33 l'1? i:;; i.g: s:;; ^;:;; 

s.6r
o. oi ' o: ;; 3:33, o. e2 

B: lt i: ii d: ;i o: ot.o.t4 X.iI 9.9? o.Gs o.ier""
ee'es ee.40 100.01 gg.se -Ezo roo.11 gg.zG
48 54 _74 115 68 116 L73 t 68s83 zro gZ? tig loig :r5 seo r34rsoz tTg L7s4 687 tiio <30 420 24{oo 46 -13 itrle ';; 8G s2 t*9 g?g sib13 36 ii ii '! L?0. eB u5
ls <lo <s <s .rF ?! le <s11 l3o zi ;i t*9 ?s <lo <s6 <5 ?i 76 19 tr9 <ro <3

- - l.s8 i. rs 
^i.ro - . !.rn 'i.ro ^li.r, 

.i. r, .i. 
r.392 3es 392 re5'-. qlo 296 22T 277

43.2 {1. I
(Weight percent)

13. 36
31. 69
17. 56

!-,,
4 .54
2. 05

:."
4. 00
3. 84

:."
:.0t

3. 08
0.07

Total

D.I.
I00An
anE

99. 17

52.9
35.8

0.87
99.40

s2.4
35. t

99.49

67.7
27.L

2.13

99.58

7 6.6
9.5

0.5
99. 70

72.4
22.2

.20
0. 16
0.2

100.11 9s.24 99. s8

87.5 91.3 89.9
0.0 0.0 0.0



411 .

Explanatton of Tab1e 7,I3. Analyses of volcanic rocks from Mt Discovery
and miscelLaneous LocalLtles Ln the McMurdo Sound area'

l, P23010, Basanlte (Basalt). tMinna Bluff survey station, 7 niles east
of ltlnna Saddle, and 9 miles east of, foot of Mt Discoveryf .
ColLected by H. iI, Harrington (N.2. Geological and
Suryey Antarctic ExpediLion 1958-59). (Major element
analyst: Chemistry Divisl-on, D. S .I. R. ) ,

2, Basanite, Mt Halryard, White Island. Golclich et a7., L975.

3, Basanite. SutruLit Mt Morning. Goldich et al., L975.

4, Basanl-te. North of Mt Heine, Wtrj.te Island. GoLdich et a7.' L975.

5. Hawaiite (Trachybasalt), Mt Terra Nova, Ross Island, Goldich et a-1.,
1975,

6. HawaiLte (Trachybasalt), Mt Terra Nova, Ross Island. Goldich et aJ,.e
L975.

7. At-kall basalt. Mt Melania, BLack IsLand. Golilich et a7., L975.

8, P23OO6. NephelLne hawaiite, (Basalt). Beaufort IsLand. Cliff at
north end of PengruLn rookerlr. Collected by H. iI. Harrington
(N,2. GeoLogl-caL and Sunrey Antarctic E4redition 1958-59).
(Analyst: ChenLstry Dlvlsi.on, D.S.I.R-) -

9. Nepheline hawalite (oasalt). Franklin Island. (anatyst: G. T. Prior).
PrLor, 1898.

10. P23018. Hawaiite (Basatt), rMt Discovery 500 feet below top rock and
L5OO feet below summit - at survey stationr. Collected
by H. J, Harrington (N.2, Geological and Survey Expedition
1958-59) .

11, Hawaiite (Trachybasalt). Mt Melania, Black Island. Goldich et a7., L975.

3.Z. p23015. Nepheline bennoreite. tMt Discovery 2500 feet belorr surynit
on east side, 1000 feet belor* survey station. I Collected
by H. .T. Harrington (N.2. Geological and Survey Expedition
1958-59) .

13, P230I5G, Phonolitj.c groundnass of above santgrle.

14, NephelLne benmoreite (Phonolite), Near the sumdt of Mt Discovery.
GoLdlch et aI.tL975.

15. Phonollte. Mt Aurora, Black rsland. Goldich et aL., 1975.

16. phonollte. MLnna Bluff (near Minna Sadd1e). Goldich et aI., L975.

17. p23OL4. Phonollte. Mt DLscovery. sane as analysis no. L2.
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TABLE ?.14 Analyses of McMurdo Volcanic Group sanples from the Koettlitz
Gl-aqier area. Taylor Valley and tephra layers in the Skelton
ndvd.

SiOz
TlOe
AlzOs
Fe203
FeO
MnO
M90
Cao
Na2O
Kzo
Paos
H2Ot
Hzo-
coe

Total

Or
Ab
An
Ne
Di-wo
Di-fs
Di-en
Fo
Fa
Mt
II
Cc
AP
Other6
Total

D.I.
I0OAnffis
Mg No.

4L.47
5.19

I4. 31
3. 96

11.48
0.22
7 .07

10. 03
3. r3
r.59
0.49
0.57
0. 36

41.73 42.48
3.35 3.34

L2.82 12.88
13. 68 3.75

7 .57
0.19 0.19

10.2s 10.88
11.08 Lt.08
3.20 2.52
1.06 1.12
0.59

0.942

42.55 42.92
3.32 3.77

14. 60 15. 34
L2.82 3.71

10.39
0.19 0. 23
7.19 7 .25

1r. . 92 10. 98
3,29 3.15
L24 1.30
0.60 tr
o. 552 o. 35

0. 00

42.93 43.1
3.29 3.32

L4.29 14. 3
12. 95 4.89

8. 55
0. 19 0. 21
7 .7L 8. 30

11.61 10.0
3.38 4.31
1.23 1.51
0.62 0.63.
0.012 o.20

0.46
0.08 0.02

CIPW Norms (Weight Percent)

loo.511 97.92 97.153 98,27 100.02e 98 .21 99. 97 5

7. 33 7 .68 7 .27 8.92
7.29 8.83 8.31 I0.78

21.41 23.88 20. t9 15.21
1r.13 9.56 10.99 13.92
14.12 12.s6 13.93 12.59

5. 14 4 .29 4 . 91 2.78
8.29 7.59 8.30 8.76
6.74 7.34 7.54 8.35
4.50 4.57 4.98 2.92
2.90 s.38 2.90 7 .09
6. 30 7 .L6 6.25 6. 30
- 0.18 - 0. 04
I.39 - L.44 1.46
0. 5s 0. 90 0. 0l 0. 65

9.4 0
9. 98

20. 30
8. 94

10. 96
3. 66
6. 59
/. ol
4.62
5.74
9. 86

1. 14
I. 57

6.26 6.62
5,41 8.21

L7.49 20.52
LL.74 7.LO
14. t2 14.38
4.35 2.42
L90 r0.59

Ir..6s 11.57
6.27 2.9L
2. 90 5.44
6.35 6.34

1. 30

t_00.51 96. 75 97. 15 97 .L9 100. 02 97 .L2 99.80

28.3
67. 0

50. 7

76.4 7L.4 74.6

64.5 67 .9 57 .6

23,4 2r.9 25,7 26.2 26.6 33.6
73.0 70.8 58.5

53. 6 59.1 58. 3

Ztoss on ignition;lrncludes Zror=9.005r Sro=0.08, Bao=O.04;
3Includes NiO=0. 02 1 Cr2|'J.s=0.08; t1n.l-udes Zxor=9.03, Sro=0. 06,
BaO=O.057, S=0.10, C1=0.10, F=0.20; slncludes Sro=0.12, BaO=O.05;



d13.

TABLE 7.14 Analyses of McMurdo Volcantc Group sarnples fron the Koettlitz
Glacj.er area, Taylor Val1ey and tephra layers in the Skelton
Hdvd (continued).

I4I3121tIO

SiOz
TiO2
A12O3
FezOs
FeO
MnO
M9o
CaO
NazO
XzO
Peos
HzO+
Itzo-
Coe

Total

Or
Ab
An
Ne
Di-wo
Di-fs
Di-en
Fo
Fa
MI
I1
Cc
Ap
Others
Total

D.I.
10OAn6ffi
Itlg No.

43.13
3.43

14. 69
13.17

0. r9
7. 6r

11.98
3,27
1.23
0. 63

43.13 43.15
3.36 3.4r

13.44 14.57
2.44 13.31
8.59
0. 18 0. r.9
9.17 7.82

lL.90 LL.72
2.69 3.41
r. 18 L.24

0. 64
0.90

43.3 43.37
3.42 3.23

12. I 13. s3
3.19 L2.94
9.33
0.19 0. 19

10.9 9.83
L2.9 11.2s
2.62 3.00
0.93 1. 13
0.55 0.55
0. 07
0. 03
0. 03

45.0 50.0
2,9 2,36

14. I 18. 7
2.85

13.08 5.42
0.22 0.20
7.L 2.58
9.3 6.37
4.3 6.35
1.7 3.43
0.55 0.99
0.8 0.21

0. 15
0.16 0.03

99.33 97.04" 99.46 roo. 387 gg.02 99.93 99.86e

cIPw Norms (weight Percent)

7.27
7 .68

2L.77
l_0.83
14,01

5. 02
8. 28
7.48
5.00
2. 90

:.ut
1.46

5.50
5.95

20.42
8.78

L6.62
3. 87

LT.42
11. 02
4,L2
4 .62
6. 50
0.07
L.27
0 .10

6. 68
9. 18

20.11
8. 78

13.40
3. 99
8.54

t 1.17
5.75
2.90

:.tt
L.27

10. 05
r4. 35
16.06
It_. 94
10.36

4.53
5. 51
8.53
7.73
2.90
5. 51.

0. 36
1.51

20,27
26.82
12.39
14. 58
5.24
1.94
3. 05
2.36
1. 65
4.13
4.48
0. 07
2.29

6.9"1 7 .33
7. 01 7 .77

21.11 20.79
8.53 LL.42

15.84 13.85
3.98 4.95

10.5s 8.20
8. s4 7. 90
3.52 5.26
3.54 2.90
5. 38 5.48

- 1.48
0. 96 0.80 0. 36

98.21

25. I
73.9

97 .04 98. 33 100.25

22.5 26. s 20.2
7s.1 72.8 77.4

97.93 100.13 99.54

24.6 36.3 61.7
68.7 52.8 31.6

58.4 65. 0 58. 8 66 . I 64 .8 54 .4 41. 4

6Inc1udes Nio=O. 02, Cr2Q3=o.04i Trncludes Sro=0.09r Bao=O.03;
ETotaL iron as FeO; 9SrO=0.15r BaO=0.07.
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ExpJ.anatLon of Table 7.L4. Analyses of McMurdo Volcanic Group samples
from the KoettLitz Glacier area' Taylor Valley and
tephra layers ln the Skelton Ndvd and Mt Kempe area'

1, Basanite (OIiVine basalt). Lava flow, Black Hill, Taylor Valley.
(Analyst: D, I. BothwelL) ' Snithr 1954.

Z. Basanite. Tephra layer composed mainLy of J-apill-L sized material'
Mt Kernpe areai (Anatystr M. Schafer). Keys (pers. corm.) -

3, Basanite. VesLcular basalt from vent on ridge between Radian and
Plpecleaner Glacler (Analyst: I. H. Wright). Mclver and
Geversr J.970. The analysis totaL as given was 99'15'

4. Basanite. Tephra layer in Skelton Neve, near Mt l'letscheL. (Atralyst:
14. Schafer) ' KeYs (Pers. corun,).

5, Basanite (OLivlne basaLt) , Taylor ValJ.ey. (enalyst: N. E' Butcher
and D, I. Bothwell) ' Smithr L954'

6. Basanite. Tephra layer, Mt KemPe area, (Analyst: M. Schafer).
Keys (Pers. comn. ) ,

7, Basanite. Small vent on the south side of Taylor Val.ley atwestern
e.dge of Sollas Glacier' Gotdich et al't 1975'

8. Basanite. Tephra layer ln Skelton Neve' near Alligator Peak.
(Analyst: M. Schafer) , Keys (Pers ' conn' ) '

9. Basanite, Massive basalt from dil<e within Brandau Vent (Analyst:
I.H'Wright),MclverandGeversrlg70'Theanalysis
total as given was 99.04.

10, BasanLte. Tephra layer, Mt Kempe area. (Analyst: M. Schafer).
KeYs (Pers. connr. ) .

II. Basanite, Brandau vent, Royal society Range. Goldich et aL., 1975.

L2. BasanLte. Scorla cone, Mt Kenpe arear (Analyst: M. Schafer).
Keys (pers. cornn. ) , .?.

L3. BasanJ.te. (Basalt) - Averagie of 4 analyses, Taylor Valley'
Amstrong et al.r 1968.

14. Nepheline hawailte. (rrachybasal-t) . Miers Valley' C;oldich et aI . ' L975.
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TABLE 7.15 Analyses of unaltered samples from the Hallett vol-canic provj-nce

I
Hm*31

23
Hm 26 Hm 15

45
Hm15 Hn2

5?8
Hrn 34 Hm 32 Hrn 5

sio2
Tio?
A120 3
Fe20 3
FeO
MnO
l,!gO
CaO
Na2O
Keo
Pzos
HzO+
HzO-
CO2
cl
F
-O=FrCl
TotaL

Mg No.

a
Or
Ab
An
Lc
NE
Ac
Di-wo
Di-fs
Di-en
Wo
Hy-fs
Hy-en
FO
Fa
MI
Hm
I1
Cc
Ap
Others

3.57
8.86
0.22
9.46

4.43
1.69
0.99
0. 09
0. 07
0. 02
0. 34
0. r.l

41.18 4I.77 43.L2 44.89 4s.85
3.47 3.73 3.45 2.31 2.56

13.52 L4.28 13.20 I3.20 1?.99
4.64 2.87 2.40 4.06
8.26 9.09 8.26 ?.r3
0.21 0.20 0.19 0.24
8.56 11. 51 12. 86 4.07

L2.25 LL.74 11.41 9.67 9. 17

46,2I 45.6s 48.51
2.90 2.80 2.47

I5.41 15.64 17.71
3.88 3.24 4 .85
7.15 7.61 6.25
0.21 0.2L 0.24
6.01 7 .32 3.45
9.61 9.86 8.004.30 4.27 5.07
1. 55 r. 53 L. 80
0.7 4 0. 50 1. 16
0. 34 0. ll 0 .27
0.27 0.05 0.10
0.01 0.02 0.16
0.20 0.10 0.03
0. 10 0. 09 0. 09
0. 08 0. 06 0. 05

3. 41 2.80 3. 11 5. 37
1.39 1.30 1.1s 1.84
0. 68 0.57 0. 54 1. 14
0.74 0.18 0.79 0.33
0.47 0.10 0.25 0.r0
0.14 0.02 0.38 0.02
0.08 0.05 0.04 0. 13
0.r0 0.10 0.07 0.1-4

0.13 0.05 0.05 0.04 0.09

CIPW Norns (Weight Percent)

100.14 99.92

60. r- 68. 3

I .2L 7. 68
6. 41 6.28

19.55 19. 51

t2.L6 :. nt

13. 93 13.84
2.62 3.03r0.04 

2.ru
:-
7.90 13.32
2.27 4.51

2.rt l.rt
7. 08 6. s5
0. 32 0.04
1. 5S 1. 32
1.33 0. 38

100. 07 100. 06

71.0 45.2

6.80 10. 87
15. 33 2r.00
18.66 19.55

:. ,t 13 .24

9.76 7.67
2 .08 2.69

:''u :'u'
L7.64 3.89
5.90 2.s2
3.48 5.89

4.39 4.85
0.86 0.04
1 . 25 2.64
I.11 0.61

99.82 100.05 100.11

55. 2 60.3 4r. 5

9. 15 9. 04 10. 54
22.00 19.35 35.10
20. 90 13.99 20,25

7 .79 9.09 4.23

i. tn ri. ar i. r.
2.28 2.79 1.30

:.tr !.r, 3.t,

10 0. 14

63.1

!.u'
12. 01

5. 81
20. 3t

L7. 50
4. 10

12. 09

B. 04
3. 0l
:.tt
6.59
0. 04
2.29
0.48

i.tr i.r,
2.52 3.29

:.rt :''o
5. 51 5. 34
0.02 0. 04
L.72 r-. 39
0.83 0.29

i.,,
1.96
7. 03

4.69
0. 36
2.69
0.44

Toral 100.I4 100.14 99.92 r00.07 r00.06 99.82 r00.05 100,rI

D. r. 28.7

***g roo.o
26.8 23.4 28.L 45. I 39.0 37.5 50.0
75.3 75.7 54 .9 48.2 48.7 49. 5 36. 6

* Hm refers to Hamilton (1972) ) Nrrmbers refer to those l-n the
H refers to Harrington et al., (1967), ) tables of the references.
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8aEr.E 7'15 Analyaee of rurartered seuples fron the Eauettrolcanie proviaoe (continiiedt).

91011

sLo2
TtO2
AIzOa
Fe2O3
FeO
tlnO
ugo
cao
Na2O
Kzo
Peos
EeO+
Hao-
c€c
cl
F
-O=p1C.l,

Total

Ug No.

CIPW Norras

t?
tr11

I,3
Il|D 14

l{
lliil I O

5o' 5;
2.9

13.7
,4.6
9.1
0. t6
5.0
8.5
3,2
0.5
0,.45
0.8
0,15

62.8
0.30

16.5
3.3
2.6
0.19
0.3
L.V
7. X.

4.8
0'45
0.4

6L.01 62.3
,0. o0 0r 30

\6.52 lgi53.55 0.3g,8ll 2,.70155 0.020,06 0.33.2V 1.35,r2 7.15,,22 4.4 .

o.oL 0.0t
r i? 0.5-'*r 0.55

67 .,75 69;6
0. a4 ,0.17'

14.88 L4,73.77 1.80.31 lr50,1i! 0.11,0.02 0.001.01 0.625.80 6,55.2,5 /1.5
0.01 0.02Or29 0'300,08 0.070.34 0.o5
0:.03
0.25

o
Oa
rb
An
LC
Na
Ac
Et-wo
,Dl-fe
Dl,-en
lVo
iiy-fr
E'ren
Fo
Ft
Irt
BB
I1
ec,
ap
Others

99,56 L00.15 100-0d IO0.4,l 100. q6 99.9l1

(ttei.ght Percentl

5.17 0! g0 0,85 13.69 13.97.!,ss to-8F 26.00 zs.e6 5i:ot ta:ii??.a? 50.09 58.39 58.1S 47.3L so:aa2L.24 :.r. 5i92 : : :
:--7.5L 3.O4 o.oa 2.29 O. tio r.:iO2.93 3.25 0.03 I. 85 - r. zr4.25 0.15 - 0.58 0" 0S- 2,34 l;ii
!'95 o.5{ - 1.068'2io I i.u, :'tt : :
2.t :.15 0"r{ 3.93 0t?6 0165

s.az - i.sz i.sz 3:ii !.r?1,0{ - i.r, i.or 8:Ti iltt0r.e5 I.13 1.0s 0..10 0.54 0:3t
:99,,56 foo.14 100.Od lO0..t4 I00.06 $9.91

35:,i8 ,81,7 88,I 8?,{ 92,.O gI.,I

. otal
D,".I.
Anx100
An+Ab {r1.0 6..3 9.2 0.0 0.0 0,'0
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E:qrlanation of Table 7.I5. Analyses of unaLtered samples from the
Hallett volcanlc Province.

1, Basanlte, (BasaniLe). Possession IsLand. HamiLton, L972.

2, Basanlte, (Ollvine basalt). North end, Adare Peninsula.
Harrilton, 1972.

3. Basanite. (Ollvine basalt). Near Trafalgar Glacier. Hanilton, L972.

4. Basanlte. (Ollvlne-diopside basalt). West side Moubray Bay'
tlamiltonr t972t .

5, NeBhetine hawaLLte. (ttephellne trachybasalt), HaIIett Penlnsula-
HanJ.J.ton, 1972,

6r HawaiLte. (OLlvine basalt). Foyn Islancl. HamiLton, L972.

7. Ilawaiite. (Olivine basalt). McCorn:ick IsLand. Ha.urilton, L972-

g, Havraiite, (Otl.vine-andeslne trachybasalt). Arneb Glacier, Hallett
Peninsula' Hanilton, L972.

9. Hawailte, (pl"agloclase-olivine basatt), Bomb, Cape HalLett Distrl-ct.
Harrington et af ., 1967 -

1O, Quartz trachyte, (Trachyte). watenrorn pebbler cape Adare.
David et aL., L896.

11. K-trachyte. (Leucite trachyte). Salnon Clifft Cape Hallett
District. Harrington et aJ., 1967.

L2. Quartz trachyte. (Alkali trachyte). Cape HaIIett District'
Harrington et aI-, 1967.

13, euartz trachyte, (Quartz trachyte (or quartz-Poor rhyolite))-
east Side HaLlett Peninsula. Hamilton, L972'

l-4. Quartz trachyte. (guartz trachyte). Nea! Trainer Glacier.'
HamLltonr 1972.
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APPENDIX E

Least squares mass balance models for differentiation
in lavas from DVDP and Hut Point Peninsula

For explanation of tables see Table 9.1 and text
of Chapter 9.
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